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FOREWORD 


This  report  is  a  summary  o(  all  effort  which  was  carried  out  by  the  AiResearch 
Manufacturing  Company^  a  Division  of  The  Garrett  Corporationj  Los  Angeles  45j 
California^  on  a  Contaminant  Freeze -Out  Study  for  Closed  Respiratory  Systems.  The 
work  was  performed  under  Air  Force  Contract  AF  33(616) -7768^  Project  No.  6373, 
"Equipment  for  Life  Support  in  Aerospace,"  Task  No.  637302,  "Respiratory  Support 
Equipment. "  Mr.  Clyde  G.  Roach,  Chief  of  the  Respiratory  Equipment  Section, 
Sustenance  Branch,  Life  Support  Systems  Laboratory,  6570^**  Aerospace  Medical 
Research  Laboratories,  Wright- Patterson  Air  Force  Base,  Ohio,  was  the  project 
monitor. 

The  report  was  prepared  by  Mr.  C.  C.  Wright  of  the  AiResearch  Manufacturing 
Company.  The  study  was  entirely  analytical  in  nature  and  was  performed  during  the 
xmriod  from  January  1961  to  August  1961.  The  AiResearch  report  number  is 
SS-596-R,  Rev.  1. 


ABSTRACT 


The  purpose  of  this  program  was  to  conduct  an  analytical  feasibility  study  on 
contaminant  freeze -out  (water  vapor  and  carbon  dioxide)  systems,  which  employ  the 
endothermic  conversion  of  liquid  oxygen  to  gaseous  oxygen  as  a  heat  sink.  Simple 
freeae-out  systems,  combination  freeze-out  and  adsorption  systems,  and  systems 
with  auxiliary  cooling  were  studied  and  compared. 

From  the  point  of  view  of  minimum  weight  and  minimum  number  of  components, 
the  simple  freeze-out  system  with  water  removal  (dumped  overboard  as  a  vapor  to  a 
vacuum)  appeared  to  be  the  best  system.  A  desirable  feature  of  this  system  is  tliat 
the  liquid  oxygen  requirements  are  low  (about  equal  to  the  normal  metabolic  oxygen 
consumption  rate) .  A  possible  undesirable  feature  is  that  the  frozen  out  water  is 
not  recovered.  The  system  uses  a  four-channel  regenerative  switching  heat  ex¬ 
changer  in  which  cooling  with  freeze-out,  regeneration  of  the  effluent  air,  and  sub¬ 
limation  of  the  frozen  out  contaminants  occur  simultaneously. 

The  final  portion  of  the  study  consists  of  the  preliminary  design  of  a  model 
version  of  the  simple  freeze-out  system  with  water  removal.  Recommendations  as 
to  the  amount  and  type  of  additional  effort  required  to  prove  feasibility  and  to  reduce 
the  design  approach  to  hardware  practice  are  also  given. 


PUBLICATION  REVIEW 

This  technical  documentary  report  has  been  reviewed  and  is  approved. 


WAYNE  H.  McCANDLESS 

Chief,  Life  Support  Systems  Laboratory 
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CONTAMINANT  FREEZE-OUT  STUDY 
FOR  CLOSED  RESPIRATORY  SYSTEMS 


SECTION  I 
INTRODUCTION 


Background  -  This  report  describes  a  design  study  of  various  methods  of 
removing  water  and  carbon  dioxide  contaminants  from  closed  respiratory  sys¬ 
tems-  All  methods  employ  the  endothermic  conversion  of  liquid  oxygen  to 
gaseous  oxygen  as  a  heat  sink. 

The  support  of  huinan  life  in  the  closed  respiratory  systems  of  space 
vehicles  requires  careful  environmental  control.  The  breathing  gas  atmosphere 
must  he  controlled  within  cfirt3!.n  ii.mits  with  respect  to  ternperature^ 
pressure,  and  composition.  One  of  the  major  problems  concerns  the  control  of 
contaminants,  which  are  represented  by  gaseous  constituents  other  than  oxygen 
and  nitrogen  (or  other  diluent).  The  metabolism  of  food  by  the  occupants 
results  In  t.he  addition  of  water  vapor  and  carbon  dioxide  to  the  cabin  atmos¬ 
phere  by  respiration.  Additional  water  vapor  is  obtained  by  perspirat ion- 
These  substances  must  not  oniy  be  removed,  but  their  concentrations  must  be 
held  to  within  very  definite  limits.  A  number  of  other  contaminants  from 
various  sources  are  possible.  For  example,  hydrogen  sulphide,  hydrogen, 
methane,  and  anmonia  are  contained  in  flatus.  The  electronic  equipment,  power 
generating  and  energy  conversion  systems,  and  surface  Finishes  can  produce  a 
wide  variety  of  contaminating  gases.  Because  of  the  relative  volatilities  and 
allowable  contaminant  partial  pressures,  only  carbon  dioxide  and  water  vapor 
(of  the  more  probable  contaminants)  can  be  removed  by  freeze-out  methods  using 
the  cryogenic  atmospheric  makeup  fluids  as  the  heat  sink.  Other  methods  must 
then  be  used  to  assure  maintenance  of  contaminant  concentrations  to  levels 
below  toxic  or  explosive  limits. 

Purpose  of  the  Study  -  Several  liquid  oxygen  heat  sink  freeze-out  methods  of 
removing  contaminants  in  closed  respiratory  systems  are  possible,  but  not  all 
of  them  are  feasible  for  use  in  space  vehicles  where  minimum  overall  system 
weight  and  size  are  necessary.  Only  a  limited  supply  of  liquid  oxygen  is 
available  -  the  ideal  use  rate  being  just  equal  to  or  only  slightly  higher 
than  the  metabolic  consumption  rate  (normally,  about  2.0  lb  per  man  day).  The 
use  of  such  a  small  amount  of  liquid  oxygen  for  freeze-out  places  a  severe 
restriction  on  the  design  of  any  freeze-out  system,  and  extremely  careful  and 
ingenious  studies  are  required  to  arrive  at  an  optimum  freeze-out  system.  The 
purpose  of  this  study  was  to  find  out  if  freeze-out  of  contaminants  by  use  of 
a  liquid  oxygen  heat  sink  is  thermodynamically  feasible  for  space  vehicle 
closed  respiratory  systems.  This  report  is,  therefore,  a  feasibility  study 
which  consists  of  schematic  diagrams  and  cycle  analysis  calculations  for 
various  freeze-out  systems,  quantitative  (weight,  size,  and  power  requirement) 
and  qualitative  (advantage  and  d isadvantage)  comparisons  of  various  freeze-out 
systems,  a  preliminary  design  of  a  model  contaminant  removal  system  which  is 
considered  to  be  most  worthy  of  future  development,  and  finally,  a  recommenda¬ 
tion  as  to  the  amount  and  type  of  additional  effort  required  to  prove  feasi¬ 
bility  and  to  reduce  the  design  approach  to  hardware  practice. 
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Possible  Freeze-Out  Systems  -  The  removal  of  contaminants  from  respiratory 
system  air  may  be  accomplished  by  various  combinations  of  heat  exchangers, 
adsorbers,  absorbers,  expanders,  refrigeration  devices  and  auxiliary  heat 
sinks.  In  this  study  only  the  following  systems,  all  of  which  involve  some 
form  of  freeze-out,  were  considered:  simple  freeze-out  of  water  and  carbon 
dioxide,  freeze-out  of  water  plus  adsorption  of  carbon  dioxide,  adsorption  of 
water  plus  freeze-out  of  carbon  dioxide,  freeze-out  of  v/ater  plus  adsorption 
of  carbon  dioxide  in  combination  with  auxiliary  cooling  devices.  The  use  of 
absorbers  was  not  considered. 

The  two  major  problems  associated  with  the  freeze-out  systems  were  the 
regeneration  of  the  frozen-out  contaminants  and  the  recovery  of  water. 
Regeneration  is  necessary  to  prevent  excessive  conversion  of  liquid  oxygen  to 
gaseous  oxygen,  and  water  recovery  may  be  necessary  to  maintain  an  over-all 
water  balance  for  the  space  vehicle. 
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SECTION  II 


GENERAL  CONSIDERATIONS 


Integration  of  Contaminant  Freeze-out  and  Cabin  Environmental  System  - 
A  contaminant  freeze-out  system  Is  a  part  of  the  space  vehicle  cabin 
environmental  system.  The  Integration  of  the  contaminant  freeze-out 
system  with  the  cabin  environmental  system  Is  shown  schematically  in 
Figure  1.  Notice  that  the  cabin  air  is  cooled  by  the  cabin  air  cooler 
to  a  dew  point  of  35®F.  Some  of  the  air  is  then  directed  to  the  freeze- 
out  system  where  the  carbon  dioxide  and  remaining  water  vapor  are  removed 
The  remaining  air  by-passes  the  freeze-out  system  and  mixes  with  the 
puri f i ed-oxygen  enriched  air  from  the  freeze-out  system.  The  cooi  aii' 
mixture  then  returns  to  the  cabin*  Odors,  carbon  monoxide,  and  other 
trace  contaminants  are  adsorbed  on  the  way. 

The  cabin  environmental  system  maintains  the  ai r  at  a  temperature 
of  about  70®F  and  the  relative  humidity  at  about  50  per  cent.  The  freeze 
out  system  maintains  the  carbon  dioxide  concentration  at  a  level  which 
Is  tolerable  by  the  occupants  for  long  durations.  This  level  is  not 
precisely  known  at  the  present  time,  but  the  range  of  concentrations  is 
somewhere  between  0.5  and  I .0  per  cent  carbon  dioxide  by  volume.  The 
range  of  cabin  total  pressure  will  probably  be  somewhere  between  0.5 
and  1.0  atmosphere. 

The  primary  function  of  the  contaminant  freeze-out  system  Is  to 
remove  carbon  dioxide  from  the  air.  However,  because  of  thermodynamic 
reasons,  water  freezes-out  or  is  adsorbed  before  carbon  dioxide.  There¬ 
fore,  the  freeze-out  system  must  also  remove  water  from  the  air.  The 
water  may  be  returned  after  removal  of  the  carbon  dioxide. 
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Air  Handling  Requirements  -  The  amount  of  cabin  air  flow  may  be  determined 
from  an  energy  balance  for  the  cabin.  Neglecting  air  leakage  and  heat 
leak,  the  metabolic  heat  generation  rate  must  be  equal  to  the  change  In 
enthalpy  of  the  air  times  the  air  flow  rate.  This  energy  balance  may 
be  expressed  as 


Q  =  w  .  ,  ,  [(h  ,  -  h  )  +  (y.h  ,  -  y  h  )  +  (H.h  ,  -  H  h  )] 

m  cabin  al  r  al  ao  '  i  cl  'o  co  ^  1  wl  o  woj 

Assuming  perfect  gas  behavior,  Equation  II-I  may  be  written 

"  '^cabin  al  rjj^^pa  "  ^o^^pc  ^*^1  “  ^o^^pw]  ^^1  "  ^o^ 

'"l  -  "o>"w  j 


n-1 


11-2 


where  the  symbols  are  defined  In  the  nomenclature,  and  the  subscripts 
0  and  i  refer  to  cabin  inlet  and  outlet  conditions  respectively.  If 
the  cabin  total  pressure  Is  14.7  psia,  the  inlet  absolute  humidity  should 
be  about  =  30  grains  water  per  lb  of  air  (0.00429  lb  water  per  lb  air), 

and  the  outlet  absolute  humidity  (70  per  cent  relative  humidity)  would 
be  77  grains  water  per  lb  air  (0.0110  lb  water  per  lb  air).  The  change 
in  carbon  dioxide  enthalpy  Is  sm.all  and  may  be  neglected.  The  latent 
heat  of  vaporization  of  the  water  is  about  =  1060  Btu  per  lb,  the 

water  vapor  specific  heat  is  0.45  Btu  per  lb  ®F,  the  air  specific  heat 
Is  0.24  Btu  per  lb  ®F,  the  air  temperature  rise  is  about  Tj  -  T^  -  35®F, 

and  the  normal  metabolic  heat  production  rate  Is  about  540  Btu  per  man-hr. 
If  these  numbers  are  substituted  Into  Equation  II-2,  the  cabin  air  flow 
rate  at  one  atmosphere  of  pressure  is  gj  ^  ‘  34.6  Ib  air  per  man  hr. 

If  the  cabin  air  pressure  Is  reduced  to  one  half  an  atmosphere,  the  rela¬ 
tive  humidity  should  still  be  maintained  at  50  per  cent  for  the  same 
degree  of  comfort.  The  absolute  humidities  would  be  twice  as  great,  and 
the  oxygen  enriched  air  specific  heat  would  be  about  0.235  Btu  per  Ib  ‘’f. 
Therefore,  the  cabin  air  flow  rate  at  one  half  an  atmosphere  would  be 


reduced  to  w 


cab i n  a  I r 


24.4  lb  al r  per  hr. 


The  air  flow  rate  to  the  freeze-out  system  depends  upon  the  amount 
of  carbon  dioxide  that  must  be  removed  per  man-hr,  the  carbon  dioxide 
removal  efficiency,  and  the  concentration  of  carbon  dioxide  In  the  air 
coming  out  of  the  cabin.  The  carbon  dioxide  removal  rate  may  be  ex¬ 
pressed  as 


w 

c 


i|y,  w 


freeze-out  air 


II-3 


where,  according  to  Dalton's  law  of  partial  pressures  for  perfect  gases, 


yi 
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Assuming  a  90  per  cent  removal  efficiency  and  a  concentration  of  1.0 
per  cent  by  volume  (P  ,/P  =  .01)j  the  air  flow  to  the  freeze-out  system 

C I  3 

for  a  removal  rate  equal  to  the  normal  metabolic  production  rate  of  2.25 
lb  COg  per  man  day  (0.0937  lb  CO2  per  man-hr)  Is 
.0937 


'1 


-  — n c „  =  6.85  lb  air  per  man  hr.  If  the  carbon  dioxide  concen- 

.9  X  .01  52 

tration  is  reduced  to  0.50  per  cent  by  volume,  the  air  flow  rate  to  the 
freeze-out  system  Is  doubled. 


3.  Freeze-Out  Temperatures  -  The  temperatures  required  for  freeze-out  of 
contaminants  may  be  determined  by  referring  to  the  vapor  pressure  vs 
temperature  curves  for  carbon  monoxide,  carbon  dioxide  and  water  in 
Figure  2.  The  contaminants  must  be  cooled  to  their  saturation  tempera- 
atures  before  any  freeze-out  takes  place.  The  air  enters  the  freeze-out 
system  saturated  with  water  vapor  at  a  temperature  of  495®R.  Freeze- 
out  starts  here  and  Is  essentially  complete  (99  per  cent)  at  about  400*8, 
and  only  trace  amounts  remain  at  360*R. 


Carbon  dioxide  freeze-out  starts  at  a  much  lower  temperature.  For 
long  duratl on*  f 1 1 ghts  of  a  space  vehicle,  the  maximum  allowable  carbon 
dioxide  partial  pressure  for  human  safety  Is  about  7.6  mm  Hg  (0.147  psta). 
Therefore,  the  air  must  be  cooled  to  a  temperature  of  about  273®R  before 
any  solid  carbon  dioxide  is  formed.  Essentially  complete  freeze-out  (99 
percent)  may  be  obtained  by  cooling  to  a  temperature  of  about  220°R, 

Both  of  these  temperatures  are  substantially  above:  the  boiling  point  of 
liquid  oxygen  at  low  pressures  (15I°R  at  0.5  atm  and  162*R  at  1.0  atm) 
and,  therefore,  freeze-out  of  carbon  dioxide  Is  thermodynamically  possible. 

For  safety  reasons,  the  carbon  monoxide  partial  pressure  In  the 
respiratory  system  should  be.  kept  below  about  0,1  mm  Hg  (0.0019  psia). 
Figure  2  indicates  that  the  air  would  have  to  be  cooled  to  about  80®R 
beft)re  any  carbon  monoxide  freeze-out  would  occur.  Removal  by  freeze- 
out  with  a  liquid  oxygen  heat  sink  is  thermodynamically  impossible. 

Carbon  monoxide  removal  must  be  accomplished  outside  the  freeze-out 
siystem. 
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Vapor  Pressure  of  Carbon  Monoxide,  Carbon  Dioxide  and  Water 


4. 


Freeze-Out  Processes  -  A  total  of  five  freeze-out  processes  are  possible. 
They  are  as  follows: 


(a)  Non-regenerat  i  ve  freeze-out.  Water  and  carbon  dioxide  are  recovered. 


( b)  Freeze-out  with  regeneration  of 
dioxide  are  recovered. 

( c)  Freeze-out  with  regeneration  of 
Water  is  recovered. 

(d)  Freeze-out  with  regeneration  of 
dioxide  is  recovered. 

(e)  Regenerative  freeze-out.  Water 
board . 


the  processed  air.  Water  and  carbon 
the  processed  ai r  and  carbon  dioxide, 
the  processed  ai r  and  water.  Carbon 
and  carbon  dioxide  are  dumped  over- 


Process  (a)  may  be  rejected  because  the  liquid  oxygen  requirements 
are  far  in  excess  of  the  metabolic  rate.  Process  (b)  is  better  than  (a), 
but  the  liquid  oxygen  requirement  is  still  excessive.  Process  ( c)  is 
desirable  because  water  is  recovered.  Although,  the  liquid  oxygen  re¬ 
quirement  is  less  than  process  (b),  the  oxygen  usage  is  high.  Process 
(d)  is  about  the  same  as  ( c) ,  but  is  not  as  desliable  because  water  is 
not  recovered.  Process  ( e)  requires  the  least  amount  of  liquid  oxygen. 
The  two  processes  which  appear  to  be  most  worthy  of  analysis  are  ( c) 
and  ( e)  . 


5.  Adsorber  Characteristics  -  Two  types  of  adsorbent  materials  are  con¬ 
sidered  in  this  study.  They  are  silica  gel  for  the  adsorption  of  water 
and  molecular  sieves  for  the  adsorption  of  carbon  dioxide.  Silica  gel  Is 
a  granulated  form  of  silicon  dioxide,  and  Is  manufactured  in  various  mesh 
sizes.  (The  term  gel  refers  to  a  state  of  the  material  during  the  manu¬ 
facturing  process).  Molecular  sieves  are  synthetic  zeolites  which  are 
manufactured  in  the  form  of  small  pellets.  These  materials  ore  placed 
inside  cylindrical  canisters  which  fit  Into  the  air  duct  to  form  a  porous 
bed.  The  air  flows  through  the  bed  and  Is  purified. 

The  overall  operating  characteristics  of  a  typical  adsorber  bed 
during  adsorption  are  shown  in  Figure  ."1.  The  concentration  of  the  con¬ 
taminant  in  the  outlet  air  is  essentially  zero  until  a  break  through 
point  is  reached.  After  this  the  concentration  of  the  contaminant  in 
the  outlet  air  increases  rapidly,  and  the  air  must  be  switched  to 
another  bed  to  continue  the  adsorption  process.  The  loaded  bed  must 
then  be  desorbed  by  heating  with  hot,  pure  air  or  by  heating  and  venting 
to  a  vacuum.  During  adsorption  the  air  temperature  rises  because  of  the 
release  of  the  latent  heat  of  vaporization  and  the  heat  of  wetting.  The 
sum  of  these  two  Items  Is  called  the  heat  of  adsorption  and  Is  equal  to 
about  1400  £)tu  per  lb  for  silica  gel  adsorption  of  water  and  about  300 
Btu  per  lb  for  nwlecular  sieve  adsorption  of  carbon  dioxide.  Figure  3 
also  shows  how  the  concentration  of  contaminants  in  the  bed  m.aterial 
varies  with  distance  along  the  bed. 
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OUTLET 


DISTANCE  ALONG  THE  BED 


Figure  3.  Concentration  Profiles  in  Adsorber  Beds 


The  amount  of  contaminant  required  to  saturate  an  adsorber  is  a 
function  of  the  vapor  pressure  of  the  contaminant  (adsorbate)  and  the 
temperature  of  the  bed.  This  equilibrium  data  may  be  plotted  as  lbs 
of  contaminant  per  lb  of  adsorbent  vs  vapor  pressure  with  temperature 
as  a  parameter.  The  water  vapor  adsorption  characteristics  of  silica 
gel  and  molecular  sieves  at  a  temperature  of  25*C(77‘’F)  are  shown  In 
Figure  4.  The  effect  of  temperature  on  the  water  vapor  adsorption  of 
silica  gel  is  shown  in  Figure  5,  and  the  effect  of  temperature  on  the 
carbon  dioxide  adsorption  of  molecular  sieves  is  shown  In  Figure  6. 

Notice  that  the  adsorption  capability  Increases  with  increasing  pressure 
and  decreases  with  Increasing  temperature.  The  data  In  Figures  5  and  6 
Indicates  that  high  temperatures  are  required  to  desorb  the  beds.  The 
high  temperature  requirement  may  be  relieved  by  venting  to  the  vacuum 
of  space.  The  pressure  drop  characteristics  of  two  molecular  sieve  beds 
and  one  silica  gel  bed  are  shown  In  Figure  7. 

6.  Heat  Sink  Requirements  -  The  amount  of  liquid  oxygen  required  for  freeze- 
out  of  water  and  carbon  dioxide  may  be  easily  determined  from  energy 
balance  considerations.  These  are  discussed  in  Section  III. 
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LBS  OF  WATER  ADSORBED  PER  100  LBS  OF  ADSORBENT 


V.\TER  VAPOR  PRESSURE,  mm  Hg 

Figure  5.  Water  Vapor  Adsorption  Isotherms  for  Silica  Gel 


\Z 


L8S  OF  CARBON  DIOXIDE  ADSORBED  PER  100  LBS  OF  ADSORBENT 


Figure?  6.  Carbon  Dioxide  Adsorption  Isotherms  for  Molecular  Sieves 
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CORRECTED  PRESSURE  DROP,  rAP,  PSI  PER  FT  OF  BED  LENGTH 


7. 


Liquid  Oxygen  Converters  and  Storage  Vessels  -  In  contaminant  freeze- 
out  systems  which  use  liquid  oxygen  as  a  heat  sink,  the  conversion  of 
the  liquid  oxygen  to  gaseous  oxygen  for  breathing  purposes  must  be 
accomplished  within  the  freeze-out  heat  exchangers;  therefore,  the  con¬ 
taminant  freeze-out  system  accomplishes  the  dual  function  of  liquid 
oxygen  to  gaseous  oxygen  conversion  and  contaminant  removal.  A  separate 
converter  Is  not  needed,  but  some  form  of  weightless  condition  liquid 
delivery  device  is  required.  The  heat  transfer  process  Inside  the  freeze- 
out  heat  exchangers  is  by  the  .mechanism  of  forced  convection  boiling,  which 
is  not  influenced  by  the  absence  of  gravity.  The  liquid  storage  and  de¬ 
livery  unit  must  also  work  in  a  weightless  environment.  One  method  of 
accomplishing  this  is  to  use  a  liquid  storage  vessel  with  positive  ex¬ 
pulsion.  Positive  expulsion  may  be  obtained  with  a  flexible  bladder 
which  is  pressurized  with  helium  gas.  Low  fluid  pressures  are  used,  so 
that,  with  proper  design,  the  fluid  Is  stored  and  expelled  as  a  saturated 
or  subcooled  I Iquid. 

The  character! St  I cs  of  several  types  of  cryogenic  converters  for 
space  flight  applications  are  discussed  in  the  Appendix.  In  the  present 
study,  the  liquid  oxygen  will  be  assumed  to  be  stored  as  a  saturated 
liquid  at  a  pressure  of  75  psia  In  a  flexible  bladder  type  of  positive 
expulsion  storage  vessel.  Delivery  will  be  accomplished  by  helium  pres¬ 
sure  and  by  throttling  the  liquid  to  the  freeze-out  system  operating 
pressure  as  shown  on  the  pressure  vs  enthalpy  diagram  of  oxygen  In  Figure  8. 
At  this  time,  no  other  form  of  storage  appears  to  be  feasible  for  freeze- 
out  systems.  See  the  Appendix,  page  9| ,  for  a  more  complete  discussion  on 
liquid  storage  with  positive  expulsion. 


60  -40  -20  0  20  40  60 

ENTHALPY,  BTU  PER  LB 

Figure  8.  Pressure  -  Enthalpy  Diagram  for 
Oxygen  Near  the  Two  Phase  Region 
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SECTION  III 


DESCRIPTION  AND  CYCLE  ANALYSIS  OF 
CONTAMINANT  FREEZE-OUT  SYSTEMS 


Preliminary  Considerations  -All  of  the  calculations  which  follow  are  based 
on  a  "per  lb  of  pure,  dry  air  basis".  The  contaminant  flow  rate  in  the  air 
stream  is  then  equal  to  the  air  flow  rate  times  the  contaminant  concentration 
by  weight.  According  to  Dalton's  law  of  partial  pressures  for  perfect  gases 
the  contaminant  concentrations  by  weight  for  water  vapor  and  carbon  dioxide 
in  air  are  given  by 

m  P 

H  - 5^  lb  water  per  lb  air  III-I 

•"a  ^ 

m  P 

y  !b  CO,  per  lb  air  III-2 

m  r  c 

a  a 

where  m  is  the  molecular  weight  and  P  is  the  partial  pressure.  The  sub¬ 
scripts  a,  c  and  w  refer  to  air,  carbon  dioxide,  and  water  vapor  respec¬ 
tively.  The  partial  pressure  of  the  air  is 

P  P  -  P  -  P  III-3 

a  tew 

where  P^  is  the  total  pressure.  The  ratio  of  partial  pressures  is  also  equal 
to  the  concentration  by  volume. 

The  carbon  dioxide  flow  rate  in  the  freeze-out  system  air  stream  is 

equal  to  y.w  ,  and  the  amount  of  carbon  dioxide  removed  by  the  freeze-out 
I  Q 

syst-em  fs  w  lYiW  •  Therefore,  the  air  flow  rate  to  the  free^e-out  system 

1  s 

w 

w  — ^  .  III-4 

a  i|y| 

vvhere  w^  is  the  metabolic  production  rate  of  C02>  yj  is  the  inlet  COp  con¬ 
centration  by  weight,  and  g  is  the  CO^  removal  efficiency.  The  removal 

efficiency  includes  the  effects  of  incomplete  precipitation  of  carbon  dioxide 
because  of  saturation  temperature  limits  and  incomplete  separation  of  the 
frozen-out  solids  from  the  air  stream. 

The  following  data  was  used  to  evaluate  and  compare  the  various  freeze- 
out  Systems  on  a  one  man  basis; 

I)  Inlet  air  temperature.  T|  495®R 

2  Inlet  dew  point  49b®R 
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3)  Carbon  dioxide  removal  rate,  =  2.25  lb  per  day 

4)  Metabolic  ratio  of  CO,  to  0„  flow,  w  /w  =  1.125 

4  4  c  om 

5)  Specific  heatr.  in  Btu  per  lb  ®R;  CO^j  0.19;  water  vapor,  0.45; 
oxygen,  0.22;  air  at  7.35  psia  (45  per  cent  0^  by  vol),  0.235;  and  air 
at  14.7  psia  (21  per  cent  0^  by  vol),  0.240. 

6)  Liquid  oxygen  heat  sink  data  after  being  throttled  from  a  saturated 
liquid  at  a  storage  pressure  of  75  psia; 

System  pressure,  psia  7.35  14.7 

Sink  temperature,  l5l  l62 

Effective  latent  heat,  Btu  per  lb  75.8  77.8 

7)  Heat  of  adsorptions  (latent  heat  plus  heat  of  wetting)  of  silica  gel 

and  molecular  sieves  are  i 200  Btu  per  lb  and  300  Btu  per  lb  respectively. 

8)  For  preliminary  comparison  purposes,  the  relationship  between  effective¬ 
ness,  E,  and  number  of  heat  transfer  units,  NTU,  in  the  freeze-out  heat 

ed  on  conventional  theory  for  heat  transfer  in  counter- 

In  -Ifp  III-5 


the  warm  side  temperature  effectiveness 


the  capacity  rate  ratio 


the  number  of  heat  transfer  units 


exchangers  was  ba 
flow.  That  is 


NTU 


TT 


where  E 


:l"h 

AT. 


NTU 


UA 

("’w  c  ) 

'  p  h 


When  the  frozen-out  solids  are  both  completely  regenerated,  as  Is  the 
case  with  the  simple  freeze-ouL  system  with  water  removal,  the  oxygen 
flow  late  is  very  small,  and  the  value  of  Z  may  be  taken  as  unity. 

When  Z  I,  Equation  III-5  reduces  to 

NTU  f—  111-6 


When  watei  is  frozen-out,  but  not  regenerated,  the  capacity  ratio  for  the 
water  freeze-out  heat  exchanger  may  be  taken  as 


Z 


(^T)^ 


\v  c  ^  w  c 
a  pa  o  po 


(/Ah/  \T) 

w 

^pa  Wg  po 


III-7 


la 


where  Ah  =  +  y,Cp^)  AT  +  |^X.  +  (492  -  T2)  +  (T,  -  492)J 

The  capacity  rate  ratio  for  the  carbon  dioxide  freeze-out  heat  exchanger 
may  be  taken  as 
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Simple  Freeze-Out  -  Simple  freeze-out  consists  of  freezing  out  the  water  and 
carbon  dioxide  with  heat  exchangers.  Efficient  operation  (low  liquid  oxygen 
fiow)  can  only  be  obtained  by  regenerating  the  water  and  the  carbon  dioxide  in 
a  freeze-out  switching  heat  exchanger  as  indicated  in  Figure  9.  The  water  and 
carbon  dioxide  are  dumped  overboard  as  vapors;  both  contaminants  are  removed 
from  Llie  SysLeiii.  If  water  recovery  is  desired  a  system  such  as  the  one  shown 
in  Figure  10  must  be  used.  The  water  is  recovered  by  heating  and  rehumidify¬ 
ing  the  outlet  air  while  the  carbon  dioxide  Is  frozen  out  regenerat ive 1 y.  A 
description  and  cycle  analysis  of  each  of  these  simple  freeze-out  systems  are 
g i ven  be  I ow; 


a. 


System  1-  Simple  Freeze-Out  With  Water  Vapor  Removal  -  This  process 
takes  place  compl ete I y  w i th in  a  four  channel  switching  heat  exchanger, 
and  the  system  is  described  schematically  In  Figure  9.  The  contaminated 
air  enters  the  system  and  flows  through  a  freeze-out  channel  where 
cool ing  and  freeze-out  of  the  water  and  carbon  dioxide  occurs.  The  heat 
transfer  surface  Is  designed  to  hold  the  frozen-out  solids.  The  purified 
air  then  mixes  with  liquid  oxygen  and  returns  in  the  adjacent  regenera¬ 
tive  channel.  A  third  sublimation  channel  (which  was  filled  with  solids 
during  the  previous  cycle)  is  purged  by  venting  to  the  vacuum  of  space 
while  a  fourth  channel  is  empty  during  this  half  of  the  cycle.  When  the 
freezc-ouL  channel  becomes  loaded  with’ sol  ids  (and  the  sublimation 
channel  is  completely  purged)  all  valves  are  reversed  so  that  the  subli¬ 
mation  channel  now  becomes  the  free*ze-out  channel,  and  the  empty  channel 
now  becomes  the  regenerative  channel.  Clean  out  (purging)  of  the  solids 
takes  place  by  sublimation.  Heat  flows  from  the  freeze-out  channel  to 
both  the  regenerative  and  sublimation  cliannels.  The  cycle  switching  time 
Is  itidicated  by  a  specified  rise  in  pressure  drop  in  the  freeze-out 
channel.  The  heat  exchanger  construction  Is  described  in  Section  IV. 


The  heat  sink  is  liquid  oxygen  which  Is  stored  in  a  positive  expul¬ 
sion  storage  vessel.  The  operating  pressure  in  the  vessel  is  well  below 
the  critical  pressure  —  probably  75  psia.  The  liquid  is  throttled  down 
to  system  operating  pressure  before  entering  the  heat  exchanger. 


SYMBOLS 


AIR  IN 


WATER  FREEZE-OUT 
HEAT  EXCHANGER 
DURING 

DEHUMIDIFICATION 


- 

/-X  1 

- 

1  n 

w 

" _ “On 

-►AIR  OUT 


SYMBOLS 

E  =  EMPTY 
F  =  FREEZE-OUT 
R  =  REGENERATE 
S  =  SUBLIME 

(  )  INDICATES  OPERATION 
OF  THE  C02  SWITCHING 
HEAT  EXCHANGER  WHEN 
THE  VALVES  ARE  REVERSED 


WATER  FREEZE-OUT 
HEAT  EXCHANGER  DUR¬ 
ING  REHUMIDIFICATION 


LIQUID  OXYGEN  STORAGE 
AND  DELIVERY  UNIT 


CO2  VAPOR 
OVERBOARD 
►to  VACUUM 


f 

^ 

R 

(  E) 

F 

(S) 

- : 

S 

(F) 

E 

(  R) 

CARBON  DIOXIDE 
FREEZE-OUT 
SWITCHING  HEAT 
EXCHANGER 


BUTTERFLY  VALVE 
(20  REQUIRED) 

(^-closedO=  open 


Figure  10.  Schematic  Diagram  for  System  II 
(Simple  Freeze-Out  with  Water  Recovery) 
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A  cycle  analysis  of  the  simple  freeze-out  system  for  zero  cabin 
leakage  may  be  visualized  by  referring  to  the  flow  chart  in  Figure  N. 
An  energy  balance  for  the  system  may  be  written  as 

a, KJiota,,  =  » le 

where,  on  a  dry  air  basis,  the  rate  equations  are 


% 

=  '"a  ^  y|^l 

III-IO 

% 

^I^'c6^  ^  '^'0^06 

III-l 1 

^1 

*^3  ^1  ^w7 

111-12 

in-13 

-  ^-'0^9 

dlQ)  I  are  heat  leaks  into  the  system 


Substituting  the  rate  equations  Into  the  energy  balance  equation 
and  rearranging  terms,  the  energy  balance  becomes 

+  Vl  j^l  -  C-'l)  ^6  -  ’1^8 j  '•  ^1  -  ^7^] 


'•  <^10  "  ^11  ^  (^6  ■  V 

where,  assuming  perfect  gas  behavior. 


III-I4 


^1 

■  ^6 

c 

pa 

-  V 

III-I5 

hcl 

'  C-n) 

h  .  - 

c6 

-^6 

'  'i  ^^6 

c 

pc  I 

(T,  - 

T^)  , 

<^6  -  Vj[ 

1II-I6 

^1 

■  ^7 

c 

pw 

IT,  -  T,)  ■ 

1 

II1-I7 

'^06 

"  ^o9 

\  1 

0 

'  ^po  <^6  - 

T9) 

111-18 

Substituting  Equations  111-15  through  lll-lB  into  Equation  lll-l''i 
and  rearranging  the  terms  the  ratio  of  oxygen  flow  to  air  flow  is  found 
to  be  111-19 

“o  '‘P3'nv>0|-V  '  '■  ^>1  <VV  ' 

*0  '  'po  Op  - 
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AIR  IN 


WATER  OUT 
(SEE  NOTE) 


AIR  OUT 


WATER 
IFREEZE-OUT 
SECTION 
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CARBON 
DIOXIDE  OUT 
(SEE  NOTE) 


CARBON 

DIOXIDE 

FREEZE-OUT 

SECTION 


T 


10 

•— 

HEAT 

LEAK 


LIQUID 
OXYGEN  IN 


NOTE:  THE  FROZEN-OUT  WATER  AND  CARBON 

DIOXIDE  ARE  REGENERATED  TO  TEMPERATURE 

T^  AND  DUMPED  OVERBOARD  AS  VAPORS 
6 

Figure  It.  Flow  Chort  for  System  I 
(Simple  Freeze-Out  With  Water  Removal) 


Z3 
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the  carbon  dioxide  removal 


'1 


c 


P 


o 


T 


I 


^3 


Vl 


efficiency.  This  includes  the  effects  of  incomplete  holdup 
of  the  solid  In  the  heat  exchanger  and  incomplete  precipita¬ 
tion  of  the  solid  (saturation  temperature  limits). 


specific  heat  at  constant  pressure,  Btu  per  Ib  ®F 


effective  latent  heat  of  vaporization  at  freeze-out  pressure 
temperature, 


The  letters  a,  c,  o,  w  and  m  are  subscripts  for  air,  carbon  dioxide, 
oxygen,  water  and  metabolic,  respectively.  The  numbers  1,  6  and  9  refer 
to  locations  within  the  system  as  shown  in  Figure  II. 

Note  that  regeneration  of  the  water  and  carbon  dioxide  can  only  be 
obtained  with  regeneration  within  the  heat  exchange  by  sublimation  of 
the  vapors  in  a  vacuum.  If  recovery  of  the  water  (water  returned  to  the 
air  stream  rather  than  dumping  overboard  to  the  vacuum  of  space)  is 
desired,  the  ice  must  be  vaporized  by  periodic  purging  of  the  freeze-out 
flow  passage  with  hot  air.  The  water  recovery  system  is  discussed  In 
Paragraph  ( b)  of  this  section. 

The  heat  exchanger  design  temperatures  may  be  computed  from 
Equation  III-24  and  an  energy  balance  on  the  low  temperature  end- 
Equation  III-24  may  be  solved  for  the  temperature  difference  T|  -  T^ 

by  noting  that  -  T^  =  (T|  -  T^)  -  (T|  -  T^) .  This  substitution  and 
rearrangement  of  Equation  III-24  gives 


■'l  -  Tp 


K  I  c  ( T  I  -  Tn) 
o  po  ^  I _ 9^ 


(c  I  y,c  t  H,c  )^— ] 
^  pa  n  pc  I 


111-25 
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An  eneryy  balance  on  the  low  temperature  end  of  the  heat  cxchanfjer 


g  I  ves 


*^3  ^ 


111-26 


where 


'^3 


^3  '  yi  ^3] 


III-27 


25 


III-28 


=  '^o  ^9 

^4  ^  [^4  ^  Vl  ^4]  ^  ^^4 

Substituting  Equation  III-27  through  III-29  into  Equation  111-26 
and  rearranging  the  terms  gives 


wherej  assuming  perfect  gas  behavior 


111-30 


^d3 

-  ^4  - 

»p.  <5- V 

III-3I 

*^03 

-  ^4  - 

/  -r  \ 

^  k  1  -2  “  i  j) 

pc  3  4^ 

1 

III-32 

^4 

"  ^o9  = 

X  +  c  (T.-Tq)  -  X  +  c 

0  po  '  4  9  0  po 

_(T3-T,)-(T3-q)J 

III-33 

Equation  III 

-30  may  now  be  rewritten  in  terms  of  temperatures 

to 

give 


^3  -  ■'a 


III-34 


The  cold  end  exit  temperature,  T^,  equai  to  the  carbon  dioxide 
Sdiuralion  temperature  at  a  partial  pressure  of  p^^  -  (l“i|)  p^|" 


The  range  of  operating  pressures  will  probab 1 y  be  0.5  to  1.0  atm  for 

the  total  pressure  and  3.8  to  7.6  nm  Hg  for  the  carbon  dioxide  partial 

pressure.  The  air  inlet  temperature  and  dew  point  to  the  frcczc-out 

system  will  be  about  35®F,  and  the  liquid  oxygen  will  probably  be  stored 

at  a  pressure  of  about  75  psla.  The  liquid  will  be  throttled  down  to 

system  operating  pressure  before  entering  the  heat  exchanger.  The  latent 

heat  of  vaporizations  are  75.8  and  77.8  Btu  per  lb,  and  the  heat  sink 

temperatures  are  l5l  and  I62®R  at  the  system  pressures  of  0.5  and  1.0  atm 

respectively.  Tfiese  numbers,  together  with  Equation  III-24  reveal  that 

at  high  carbon  dioxide  concentrations  and  low  temperature  differences, 

the  system  is  capable  of  operation  at  an  oxygen  flow  to  metabolic  oxygen 

flow  ratio  of  unity  ( w  /w  -  1.0). 

'  '  o  om 

A  temperature  difference  of  about  I0®R  is  required  for  a  reasonabie 
system  design-  A  lower  tonperature  difference  permits  operation  of  low 
oxygen  flow  rates  but  requires  very  high  heat  exchanger  effectiveness. 

If  the  required  effectiveness  is  too  high,  the  heat  exchanger  will  not 
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only  be  very  large^  but  will  also  be  very  susceptible  to  a  reduction  in 
performance  because  of  heat  leaks.  A  higher  temperature  difference 
decreases  the  heat  exchanger  size  and  heat  leak  problem;  but  greatly 
increases  the  oxygen  flow  requirements. 

A  thermodynamic  cycle  analysis  of  the  system  was^ carried  out  for  a 
one  man  system  by  using  Equations  III-20,  111-22,  and  111-34.  A  warm 
end  temperature  difference  (T|  -  T^)  of  IO®R,  and  metabolic  flow  rates 

of  2.25  lb  or  carbon  dioxide  and  2.0  lb  of  oxygen  per  man  day  were  used. 
A  summary  of  the  calculations  is  given  in  Table  I. 
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TABLE  I 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  SYSTEM  I 
(SIMPLE  FREEZE-OUT  WITH  WATER  REMOVAL) 


System  Pressure,  psia 

• 

7.35 

14.7 

COg  Partial  Pressure,  P^^,  mm  Hg 

3.8 

7.6 

3.8 

7.6 

H2O  Content,  Hj,  lb  HgO  per 

lb  air 

. 00842 

.00851 

.00426 

. 0043 1 

CO2  Content,  yj,  lb  CO2  per 

lb  air 

.0151 

.0306 

.0077 

.0155 

Air  Flow  Rate,  lb  per  man  day 

l66 

81.6 

325 

16! 

Oxygen  Flow/Air  Flow,  lb  O2 

per  lb  air 

.0156 

.0158 

.0159 

.0161 

Oxygen  Flow/Metabol  Ic.  Oxygen  Flow 

1.295 

0.645 

2.58 

1,295 

Tl 

495 

495 

495 

495 

360 

360 

360 

360 

^3 

238 

245 

238 

245 

T, 

231 

238 

232 

238 

Temperatures,  R 

4 

352 

352 

352 

352 

T^,  T^,  Tg 

485 

485 

485 

485 

T9 

151 

)5l 

162 

162 

Heat  Exchanger  Effectiveness.  E 

.975 

.975 

.975 

.975 

Number  of  Heal  Transfer  Units,  NTU 

39 

39 

39 

39 

Notes: 

1.  The  cnrbon  dioxide  removal  efficiency  was  assumed  to  be  90  per  cent- 

2.  The  heat  exchanger  capacity  rate  ratio  was  assumed  to  be  unity. 

See  Figure  9  for  a  schematic  diagram  and  Figure  II  for  a  flow  chart  of 
System  I- 


?a 


3. 


b. 


System  II.  Simple  Freeze-out  with  Water  Vapor  Recovery  -  This  process 
is  shown  schematicai ly  In  Figure  10,  The  system  Is  corflposed  of  two 
water  freeze-out  heat  exchangers  in  which  the  fiow  is  alternated  back 
and  forth;  a  heater,  one  carbon  dioxide  freeze-out  switching  heat  ex¬ 
changer,  and  twenty  butterfly  control  valves.  Air  enters  one  of  the 
water  freeze-out  heat  exchangers  where  the  water  is  frozen  out  in  the 
freeze-out  passage  and  Is  held  on  the  heat  transfer  surfaces.  The 
air  then  flows  through  the  freeze-out  channel  of  the  carbon  dioxide 
freeze-out  switching  heat  exchanger  where  the  carbon  dioxide  is  frozen 
out.  The  air  then  mixes  with  liquid  oxygen  and  flows  back  through 
the  switching  heat  exchanger  in  the  regenerative  channel.  Sublimation 
of  solid  carbon  dioxide  from  the  previous  cycle  takes  place  simul¬ 
taneously  In  the  sublimation  channel.  The  switching  heat  exchanger 
operates  in  the  same  manner  as  in  the  system  with  water  removal 
(Figure  9).  After  leaving  the  switching  heat  exchanger,  the  air 
enters  the  regenerative  passage  of  the  water  freeze-out  heat  ex¬ 
changer.  Next,  the.  air  is  heated  so  that  clean  up  of  the  Ice  in 
the  second  water  freeze-out  heat  exchanger  may  take  place.  When 
the  ice  is  vaporized,  the  valves  are  reversed  so  that  the  water 
freeze-out  and  clean  up  processes  exchange  places.  The  water  freeze- 
out  heat  exchangers  may  be  operated  independently  of  the  carbon  di¬ 
oxide  frccze-out  snitching  heat  exchanger. 

A  cycle  analysis  of  the  system  may  be  accomplished  by  referring 
to  the  flow  chart  In  Figure  12,  and  by  substituting  the  rate  equations 
into  several  energy  balance  equations.  Starting  with  the  carbon 
dioxide  freeze-out  switching  heat  exchanger  and  the  liquid  oxygen 
supply,  an  energy  balance  gives 
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where,  assuming  perfect  gas  behavior 
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Equations  111-52  through  III-56  may  be  substituted  Into 
Equation  III-51  to  give 
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An  energy  balance  on  the  rehumidif teat  ion  process  Is 
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The  system  may  now  be  analyzed  with  the  aid  of  the  flow  chart 
In  Figure  12  and  Equations  111-34,  111-44,  111-57  and  I1I-6I.  The 
procedure  Is  as  follows:  assume  T^  »  485®R  (Tj  "  “  I 0*R) ;  assume 

Tc,  calculate  w  /w  from  E  uatlon  111-44,  check  w  /w  with  Equation 
0  o  a  o  a 

111-57.  When  agreement  Is  obtained,  calculate  Jy  from  Equation 

Finally,  calculate  the  heater  Input  tij  £  *  ^"'g^'pa  ^  '^u''po)  (T 

The  remaining  temperatures  may  be  determined  as  follows:  Start 


111-61 , 

T.). 

with 
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Tj  =  495®R,  assume  Tg  =  360®R  (the  air  is  essentially  dry  at  this 

temperature),  equals  the  carbon  dioxide  saturation  temperature 

at  =  (1  -  Ti)  P^j,  calculate  from  Equation  III-34,  and  assume 

Tg  =  500®R.  The  outlet  temperature,  Tg,  must  be  equal  to  or  greater 

than  the  Inlet  temperature,  Tj,  to  accomplish  rehuml dl f I  cat  1  on.  A 

reasonable  outlet  temperature  Is  about  5®R  higher  than  the  Inlet 
temperature.  A  summary  of  the  thermodynamic  cycle  analysis  calcu¬ 
lations  for  the  simple  freeze-out  system  with  water  recovery  Is 
shown  In  Table  II. 
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TABLE  U 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  SYSTEM  11 
(SIMPLE  FREEZE-OUT  WITH  WATER  RECOVERY) 


System  Pressure,  psia 

7.35 

14.7 

COp  Partial  Pressure,  P  .,  mm  Hg 

3.8 

7.6 

3.8 

7,6 

HgO  Content,  Hj, 

lb  HgO 

per  lb  air 

.00842 

.00851 

.00428 

.00431 

COg  Content,  y^. 

lb  COp 

per  lb  air 

.0151 

.0306 

,0077 

.0155 

Air  Flow  Rate,  1 b 

per  man  day 

166 

81  .6 

325 

161 

Oxygen  Flow/Air  F 

1 ow,  1 h  O./I b  air 

.0867 

.091  1 

.0525 

.0515 

Oxygen  FI ow/Metabo 1 1 c  Oxygen  Flow 

7.20 

3,72 

8.53 

4.15 

Heater  input,  watts  per 

man 

29.4 

14,5 

35.9 

18,0 

'i 

495 

495 

495 

495 

^2 

360 

360 

360 

360 

T3 

238 

245 

238 

245 

T4 

204 

208 

217 

224 

^5’  ^10 

317 

316 

334 

335 

Temperatures,  R 

.. 

T 

'6 

485 

485 

485 

485 

T7 

542 

542 

521 

521 

500 

500 

500 

500 

T9 

151 

151 

162 

162 

Til 

426 

426 

426 

426 

Water 

Effect! veness 

.759 

.752 

.838 

.844 

Freeze-Out  Heat 

Capaci ty  Rate  Ratio 

1  .24 

1.25 

1.12 

1.13 

Exchanger 

No.  of  Heat  Transfer  Units 

5.84 

5.68 

8.00 

9.23 

Carbon  Dioxide 

Effect  1 veness 

.782 

.756 

.853 

.845 

Freeze-Out  Heat 

Capacity  Rate  Ratio 

.925 

.923 

.955 

.956 

Exchanger 

No.  of  Heat  Transfer  Units 

3.14 

2.80 

5.23 

4.89 

NOTES; 

1.  The  carbon  dioxide  removal  efficiency  v/as  assumed  to  be  90  percent. 

2.  See  Figure  10  for  a  schematic  diagram  and  Figure  12  for  a  flow  chart  of 
Syst  em  II ■ 
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3. 


Freeze-Out  Plus  Adsorption  -  Freeze-out  plus  adsorption  may  be.  accomplished 
by  either  freezing  out  the  water  followed  by  adsorption  of  tlie  carbon 
dioxide  or  by  adsorption  of  the  water  followed  by  freeze-out  of  the  carbon 
dioxide.  If  the  water  is  frozen  out;  two  systems  are  possible  -  one  with 
water  removal  and  the  other  with  water  recovery.  If  the  water  Is  adsorbed; 
only  one  system  Is  necessary  because  water  recovery  may  be  accomplished 
without  Increasing  the  amount  of  the  liquid  oxygen  heat  sink.  Many  ad- 
sorbants  are  possible;  but  the  only  feasible  materials  appear  to  be  silicon 
dioxide  (silica  gel)  for  the  water  adsorption  and  synthetic  zeolites  mo¬ 
lecular  sieves)  for  the  carbon  dioxide  adsorption.  Absorption  of  contami¬ 
nants  (chemical  reaction  with  the  water  and  carbon  dioxide)  has  not  been 
considered.  A  description  and  cycle  analysis  of  each  of  the  three  freeze- 
out  plus  adsorption  systems  are  given  below. 

a .  System  III.  Freeze-out  and  Removal  of  Water  plus  Adsorption  of 

Carbon  Dioxide  -  This  system  consists  of  one  regenerative  switching 
heat  exchanger  and  two  molecular  sieve  carbon  dioxide  adsorbers  as 
shown  schematically  in  Figure  13.  Air  enters  the  water  freeze-out 
switching  heat  exchanger  where  the  air  is  cooled  to  a  temperature 
of  360®R  and  the  water  is  frozen  out.  The  operation  of  the  heat  ex¬ 
changer  is  the  same  as  In  the  simple  freeze-out  system.  The  air 
then  enters  one  of  the  moiecular  sieve  canisters  where  the  carbon 
dioxide  is  removed.  Two  adsorbers  are  requi red--one  to  adsorb  the 
carbon  dioxide  while  the  other  Is  being  desorbed  of  carbon  dioxide 
from  the  previous  cycle.  The  molecular  sieve  bed  is  desorbed  by 
venting  to  the  vacuum  of  space.  The  sieve  bed  has  sufficient  thermal 
capacity  to  vaporize  the  carbon  dioxide  provided  the  sieve  is  properly 
designed.  The  freeze-out  heat  exchanger  may  be  switched  independently 
of  the  molecular  sieves. 


A  cycle  analysis  of  the  system  may  be  accomplished  by  referring 
to  the  flow  chart  in  Figure  14.  The  procedure  is  to  write  the  rate 
equations  and  substitute  them  into  energy  balances.  The  energy 
balance  for  the  water  freeze-out  heat  exchanger  and  the  liquid  oxygen 
supp I y  is 

Q,  +  Qg  +  Q|o  Q4  +  Qg  III-62 


Neglecting  the  heat  leak,  Qjq;  assuming  that  the  water  Is  regenerated 
to  a  vapor  at  temperature  T^  before  being  dumped  overboard,  and  follow¬ 
ing  the  same  procedure  as  used  for  the  simple  freeze-out  system 
analysis,  the  energy  balance  may  be  written  as 
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Figure  13.  Schematic  Diagram  for  System  III  (Water  Freeze-Out 
Plus  Carbon  Dioxide  Adsorption  witli  Water  Removal) 
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Figure  14.  Flow  Chart  for  System  III 
(Water  Freeze-Out  Plus  Adsorption  of  Carbon  Dioxide 
With  Water  Removal) 
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Equations  111-63,  III-64  and  III-74  may  now  be  used  to  calculate 
the  temperature  and  flow  rates  In  the  system.  As  in  the  simple 
freeze-out  systems,  assume  that  the  heat  e><changer  warm  end  temper¬ 
ature  difference  (Tj  "  T^)  Is  I0‘‘R.  The  heat  of  adsorption  of  the 

molecular  sieve  may  be  taken  as  300  Btu  per  lb,  and  the  carbon  dioxide 
removai  efficiency  may  be  taken  as  100  per  cent  provided  the  sieves 
are  desorbed  before  their  break-through  point  is  reached.  A  summary 
of  the  cycle  analysis  calculations  Is  given  in  Table  HI. 
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TABLE  III 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  SYSTEM  III 
(WATER  FREEZE-OUT  PLUS  CARBON  DIOXIDE  ADSORPTION  WITH  WATER  REMOVAL) 


System  Pressure,  psia 

7.35 

14.7 

COg  Partial  Pressure,  P 

mm  Hg 

3.8 

7.6 

3,8 

7.6 

H2O  Content,  Hj,  lb  HgO 

per  1 b  ai r 

.00842 

.00851 

.00428 

.00431 

CO2  Content,  y.,  lb  CO, 

per  1 b  air 

.0151 

.0306 

.0077 

.0155 

Air  Flow  Rate,  lb  per  man  day 

149 

73.5. 

292 

145 

Oxygen  Flow/At r  Flow,  Ib  O^/lb  air 

.0156 

.0158 

.0159 

.0160 

Oxygen  Flow/Metabolic  Oxygen  Flow 

1 .16 

0.581 

2.32 

1 . 16 

•r 

'  I 

495 

495 

495 

495 

^2 

360 

360 

360 

360 

T3 

352 

352 

352 

352 

Temperatures, 

^4'  ^8 

485 

485 

485 

485 

T5 

504 

524 

495 

504 

^8 

485 

485 

485 

485 

^9 

151 

151 

162 

162 

Heat  Exchanger  Effectiveness 

.944 

.944 

.944 

,944 

No.  of  Heat  Transfer  Units 

16.9 

16.9 

16.9 

16,9 

NOTES: 

(1)  The  carbon  dioxide  removal  efficiency  was  assumed  to  be  100  percent. 

(2)  The  heat  exchanger  capacity  rale  was  assumed  to  be  unity. 


(3)  See  Figure  13  for  a  schematic  diagram  and  Figure  14  for  a  flow  chart 
of  System  III. 


b.  System  HI.  Freeze-out  and  Recovery  of  Water  plus  Adsorption  of 
Carbon  Dioxide  -  This  system  consists  of  two  water  freeze-out  heat 
exchangers,  one  heater,  and  two  molecular  sieves  for  the  adsorption 
of  carbon  dioxide  as  shown  in  Figure  15.  One  heat  exchanger  Is 
used  for  water  freeze  out  while  the  other  is  used  for  rehumidi fl¬ 
eet  ion.  When  the  rehumidifying  heat  exchanger  Is  purged  of  Ice  the 
valves  are  reversed  so  that  ice  filled  dehumi d I fy I ng  heat  exchanger 
may  be  purged.  The  two  molecular  sieves  may  be  operated  Independently 
of  the  heat  exchangers.  One  sieve  adsorbs  carbon  dioxide  while  the 
other  is  being  desorbed  to  the  vacuum  of  space. 


A  cycle  analysis  of  the  system  may  be  accomplished  by  referr¬ 
ing  to  the  /low  chart  in  Figure  16.  By  substituting  the  various 
rate  equations  Into  energy  balance  equations  In  the  same  manner  as 
before,  the  following  equations  may  be  derived: 


^  +  w,  c_)(T, 


III-76 


IH-77 


Equations  111-74,  III-75,  III-76,  and  111-77  may  be 

used  to  calculate  the  flow  rates  and  temperatures  for  the  system. 

As  In  previous  systems  the  heat  exchanger  warm  end  temperature  dif¬ 
ference  (T|  -  T^)  may  be  taken  as  10®R.  The  ice  freeze-out  temper¬ 
ature  (Tg)  and  the  air  outlet  temperature  may  be  taken  as  360®R 

and  500®R  respectively.  A  summary  of  the  cycle  analysis  calculations 
are  given  in  Table  IV. 
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FIGURE  15.  SCHEMATIC  LIAGRAM  FOR  SYSTEM  IV  (WATER  FREEZE-OUT 
PLUS  CARBON  DIOXIDE  ADSORPTION  WITH  WATER  RECOVERY) 
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Fiyure  16.  Flow  Chart  for  System  IV 
(Water  Fiee^e-Out  Plus  Carbon  Dioxide  Adsorption  with  Water  Recovc-ryi 


4J 


TABLE  IV 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  A  SYSTEM  IV 
(WATER  FREEZE-OUT  PLUS  CARBON  DIOXIDE  ADSORPTION  WITH  WATER  RECOVERY) 


System  Pressure,  psia 

7.35 

14.7 

CO2  Partial  Pressure,  P 

mm  Hg 

3.8 

7.6 

3,8 

7.6 

H2O  Content,  Hj,  lb  HgO 

per  lb  air 

.00842 

,00431 

CO2  Content,  y. ,  lb  COp 

per  lb  air 

.0151 

.0306 

.0155 

Air  Flow  Rate,  lb  per  man  day 

149 

73.5 

292 

145 

Oxygen  Flow/Air  Flow,  lb  O^/ib  air 

.0835 

.0844 

.0510 

,0514 

Oxygen  Flow/Metabolic  Oxygen  Fiow 

6.29 

3.10 

7.44 

3.73 

Heater  Input,  watts  per 

man 

!  7.9 

4.6 

24,2 

8  •  C 

Tl 

495 

495 

495 

495 

^2 

360 

360 

360 

360 

T3 

318 

318 

335 

535 

T 

4 

485 

485 

485 

485 

T,. 

503 

521 

494 

504 

Temperature,  °R 

b 

^6 

542 

542 

521 

522 

^7 

500 

Te 

426 

426 

426 

426 

'9 

151 

151 

162 

162 

Heat  Exchanger  Effectiveness 

.762 

.762 

,843 

.843 

Capaci ty  Rate  Rat i 0 

1.25 

1  .26 

1.12 

1  .  13 

Number  of  Heat  Transfer 

Units 

6.40 

6,85 

8.45 

9.15 

NOTES: 

(1)  The  carbon  dioxide  removal  efficiency  was  assumed  to  be  100^. 

(2)  See  Figure  15  for  a  schematic  diagram  and  Figure  16  for  a  flow  chart 
of  System  IV. 


c.  System  V.  Adsorption  of  Water  Plus  Freeze-Out  of  Carbon  Dioxide  -  This 
system  consists  of  two  silica  gel  water  adsorbers;  a  carbon  dioxide 
freeze-out  switching  heat  exchanger  and  a  heater  as  shown  in  Figure  17. 
The  heat  exchanger  operates  in  the  same  manner  as  in  the  simple  freeze- 
out  systems;  and  the  air  flow  to  the  silica  gel  beds  are  cycled  to 
accomplish  the  adsorption  and  desorption.  The  silica  gel  beds  and  the 
freeze-out  heat  exchanger  may  be  operated  independently  of  each  other. 

The  air  to  the  silica  gel  bed  must  be  heated  to  a  temperature  of  about 
710°R  (250°F)  before  desorption  can  take  place.  Also  the  heat  of  ad¬ 
sorption  (heat  of  wetting  plus  latent  heat  of  vaporization)  is  about 
1400  Btu  per  lb  of  water  adsorbed.  Some  of  this  heat  is  transferred  to 
the  silica  gel  bed  so  that  the  net  amount  of  heat  of  adsorption  which  is 
dissipated  to  the  air  stream  is  about  1200  Btu  per  lb  of  water  adsorbed. 

At  the  start  of  the  adsorption  part  of  the  cycle,  the  silica  gel  bed 
temperature  is  /l0°R  (2bO‘’F),  and  it  would  appear  that  cooling  of  the  bed 
is  necessary  prior  to  starting  the  adsorption  process.  However,  pre- 
cooling  is  not  necessdry  becduSe  the  WdLef  duSOrptiOii  frOril  inOveS  thrOUyn 
the  bed  at  a  slower  rate  than  the  air  cooling  front-  Thus,  at  the 
beginning  of  the  adsorption  part  of  the  r.yr.lR,  the  air  outlet  temperature 
will  be  7l0®R.  After  a  short  time,  the  air  temperature  will  drop  to  a 
steady-state  energy  balance  value,  and  the  bed  will  be  cool  during  most 
of  the  adsorption  part  of  the  cycle.  During  the  desorption  part  of  the 
cycle,  the  hot  inlet  air  is  partly  cooled  by  the  vaporization  of  the 
water  and  partly  by  the  heat-absorbing  capacity  of  the  cool  bed. 

• 

A  consequence  of  the  high  temperature  of  desorption  is  that  the  out¬ 
let  air  temperature  will  rise  rapidly  to  7l0°R  at  the  end  of  each  cycle. 
Then,  when  the  silica  gel  bed  control  valves  are  reversed,  the  outlet 
air  temperature  will  fall  rapidly  to  the  normal  tcamperature  of  about 
525°R  (bb^F).  Although  a  cycle  analysis  is  rather  complex,  because  of 
the  transient  nature  of  the  system,  a  simplified  analysis  may  be  accom¬ 
plished  by  neglecting  the  thermal  capacity  of  the  silica  gel  beds  and  by 
supplementary  cooling  takes  place  at  the  outlet  of  the  silica  gel  beds  as 
shown  in  the  flow  chari  in  Figure  l8. 

An  energy  balance  on  the  silica  gel  bed  during  the  adsorption 
process  gives 
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and  an  energy  balance  during  the  desorption  process  (neglecting  the 
small  amount  of  residual  carbon  dioxide  in  the  air)  gives 
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FIGURE  17.  SCHEMATIC  DIAGRAM  FOR  SYSTEM  V 
(WATER  ADSORPTION  PLUS  CARBON  DIOXIDE  PREEZE-OUT) 
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The  heater  ((iij)  and  supplementary  cool  ing  (Q.i/)  loads  may  be 
expressed  as 


.,  =  (w  c  +  w  c  )(T.  -  Tc) 

13  '  a  pa  0  po  '  6  5 

111-80 

1/  =  (c  t  Ki  c  )  +  w  c  (T.,  -  To) 

14  a  '  pa  1  pw'^  0  po  '  7  8' 

111-81 

The  ratio  of  oxygen  flow  to  air  flow  (w^w^)  may  be  computed  from 
Equation  III-44,  and  temperature  difference  (T^  ”  T^)  at  the  low  tempera¬ 
ture  end  of  the  carbon  dioxide  freeze-out  heat  exchanger  may  be  computed 
from  Equation  111-34.  The  following  temperatures  were  assumed: 

An  inlet  (T|)  =  495®R,  temperature  difference  (T2  -  T^)  and  the  warm  end 

of  the  carbon  dioxide  freeze-out  heat  exchanger  -  10®P.^  cold  temperature 
(Tj)  out  of  the  carbon  dioxide  freeze-out  heat  exchanger  = 

^c3  silica  gel  desorbing  temperature  (T^)  =  7lO®H,  air  out¬ 

let  temperature  -  500*R  and  liquid  oxygen  heat  sink  temperature  (T^)  - 

ibi®R  at  7.35  psia  and  162  at  l4.7  psia.  The  carbon  dioxide  removal 
efficiency  was  taken  as  90  per  cent,  and  the  heat  of  adsorption  (also 
desurpLion)  was  taken  as  1200  Btu  per  lb. 
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TABLE  V 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  SYSTEM  V 
(WATER  ADSORPTION  PLUS  CARBON  DIOXIDE  FREEZE-OUT) 


Notes: 

I*  The  carbon  dioxide  removal  efficiency  was  assumed  to  be  90  per  cent- 
2.  The  heat  exchanger  capacity  rale  ratio  was  assumed  to  be  unity- 

See  Figure  l7  for  a  schematic  diagram  and  Figure  18  for  a  flow  chart  of 
System  V. 
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Systems  With  Auxiliary  Cooling  -All  of  the  systems  which  have  been  de¬ 
scribed  could  use  some  form  of  auxiliary  cooling.  The  advantages  of 
auxiliary  cooling  are  a  reduction  in  heat  exchanger  size  and  a  reduction 
In  the  amount  of  liquid  oxygen  required  for  freeze-out,  especially  when 
water  recovery  Is  desired.  Auxiliary  cooling  may  be  obtained  with  ex¬ 
panders,  mechanical  refrigeration  (vapor  cycle  or  gas  cycle)  or  auxiliary 
heat  sinks.  Auxiliary  cooling,  which  Is  obtained  by  use  of  expanders  or 
mechanical  refrigeration  should  be  accomplished  as  near  to  the  warm 
temperature  end  of  the  freeze-out  system  as  possible.  The  reason  for 
this  is  the  auxiliary  equipment  weight  and  power  requirements  increase 
as  the  temperature  level  of  cooling  is  decreased.  Unfortunately,  the 
presence  of  frozen  out  contaminants  complicates  the  problem.  Piston 
expanders  will  become  clogged  with  or  damaged  by  the  frozen  out  solids 
If  the  expanders  are  located  where  freeze-out  occurs.  Therefore,  piston 
expanders  should  be  placed  in  the  system  where  frozen  out  solids  are  not 
present.  For  example.  In  simple  freeze-out  systems,  the  solids  free 
region  is  located  between  the  ice  and  carbon  dioxide  freeze-out  heat  ex¬ 
changers  where  water  Is  completely  frozen  out  at  a  temperature  of  about 
360°R,  and  carbon  dioxide  does  not  start  to  freeze-out  until  a  temperature 
of  about  270®R  is  reached.  In  water  freeze-out  plus  carbon  dioxide  ad¬ 
sorption  systems  the  expander  should  be  located  between  the  water  freeze- 
out  heat  exchanger  and  the  carbon  dioxide  adsorber. 

Turbine  expanders,  however,  may  be  designed  to  operate  anywhere  in 
the  freeze-out  system  without  becoming  ciogged  with  solids.  A  separator 
must  then  be  installed  downstream  of  the  turbine  to  remove  the  very  small 
entrained  particles  from  the  air.  This  Introduces  another  complication, 
namely,  how  to  make  best  use  of  the  removed  solids.  At  the  warm  temper¬ 
ature  end  of  the  system  Ice  or  snow  particles  may  be  removed  and  returned 
to  the  air-stream  by  the  heat  transfer  matrix  of  a  rotary  heat  exchanger. 
At  the  low  temperature  end  of  the  system,  solid  carbon  dioxide  particles 
may  be  removed  by  a  fine  steel  wool  matrix  which,  when  filled,  may  be 
replaced  by  a  clean  matrix.  However,  the  use  of  expanders  at  the  low 
temperature  end  is  not  desirable  because  of  excessive  power  and  weight 
penalties.  Also,  regeneration  of  the  solid  carbon  dioxide  may  be  a  very 
difficult  mechanical  problem. 

In  systems  In  which  auxiliary  cooling  Is  obtained  by  an  auxiliary 
heat  sink,  the  location  of  the  sink  would  depend  upon  the  type  of  freeze- 
out  system  and  the  type  of  heat  sink  which  is  used.  For  example,  a 
liquid  liydrogen  or  cryogenic  hydrogen  (such  as  vapors  from  a  liquid 
hydrogen  storage  tank)  heat  sink  may  be  located  anywhere  in  the  system 
because  their  temperatures  are  lower  than  that  required  for  freeze-out 
of  carbon  dioxide. 

Auxiliary  cooling  is  most  useful  In  those  systems  in  which  water  is 
frozen  out  and  recovered  (returned  to  the  air  stream  after  COg  removal). 

The  reason  for  this  Is  that  freeze-out  v;ater  recovery  systems  require 
an  excessive  amount  of  liquid  oxygen  for  freeze-out  (seven  to  nine  times 
the  metabolic  rote).  The  liquid  oxygen  requirements  may  be  reduced 
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considerably  by  making  use  of  auxiliary  cooling.  On  long  duration 
missions,  the  saving  In  weight  of  liquid  oxygen  may  more  than  compensate 
for  the  weight  and  power  penalty  of  the  auxiliary  cooling  system.  An 
analysis  of  several  methods  of  applying  auxiliary  cooling  to  systems 
In  which  water  is  frozen  out  and  recovered  and  carbon  dioxide  Is  absorbed 
is  given  below.  The  effects  of  cooling  by  expansion  will  be  investigated, 
only  at  the  cold  end  of  the  water  freeze-out  heat  exchanger.  Auxiliary 
cooling  by  mechanical  vapor  cycle  refrigeration  and  by  an  auxiliary 
hydrogen  heat  sink  will  be  Investigated  at  the  warm  end  of  the  ice  freeze- 
out  heat  exchanger.  Mechanical  gas  cycle  refrigeration  wi I i  not  be  con¬ 
sidered  because  It  is  too  Inefficient  for  this  type  of  work. 


a.  System  VI.  Auxiliary  Cooling  by  Use  of  Expanders  -  A  schematic 

diagram  of  this  system  Is  shown  in  Figure  19,  The  inlet  air  is  com¬ 
pressed  and  cooled  before  entering  the  water  freeze-out  heat  exchanger. 
Part  of  the  heat  of  compression  is  transferred  to  the  outlet  stream 
so  that  rehumidi fi cation  may  be  accomplished.  The  remainder  of  the 

I i.  .  C  _ _ _ I  C  -t  —  U.i  ^,...-.1  M  4.  j 

tlccJl.  Ul  i>  I  CIIK-IVCU  I  i  L  MC  cJ  I  I  » u  ■  ccdMi  uy  duppiditc^iiuai  y 

cooling  from  the  cabin  refrigeration  system.  The  supplementary  cool¬ 
ing  heat  exchanger  is  made  integral  with  the  water  freeze-out  heat 
exchanger  because,  at  higher  pressures,  water  condenses  out  at  a 
temperature  higher  than  495®R.  This  arrangement  also  makes  complete 
water  recovery  possible.  After  leaving  the  water  freeze-out  heat 
exchanger  the  air  is  cooled  by  expansion  through  a  piston  or  turbine 
expander.  The  small  amount  of  expander  work  may  be  absorbed  by  a 
friction  device.  The  remainder  of  the  system  Is  the  same  as  in  the 
system  without  auxiliary  cooling  except  the  heater  is  replaced  by 
the  compressor  heat  exchanger. 


A  flow  chart  for  the  system  Is  shown  In  Figure  20,  For  comparison 
purpose,  the  temperatures,  as  far  as  possible,  are  designated  by  the  same 
numbers  as  in  the  system  wi thout  auxiliary  cooling  (See  Figure  15).  The 
purpose  of  the  expander  Is  to  reduce  the  cold  end  temperature  (Tg)  so 

that  the  amount  of  liquid  oxygen  required  for  water  freeze-out  and  re¬ 
covery  is  equal  to  the  metabolic  consumption  rate  (2.0  lb  per  m.on  day). 

The  required  amount  ot  auxiliary  cooling  with  expanders,  the  supplementary 
cooling  load  and  the  power  Input  requirements  may  be  determined  as  follows: 


Assume  the  water  freeze-out  inlet  temperature  (Tj)  is  495®!^  and  the 

warm  end  temperature  difference  is  I0®R  as  In  all  other  water  freeze-out 
systems.  Calcuiate  the  cold  end  Inlet  temperature  (T^).  An  energy 

balance  on  the  ice  freeze-out  heal  exchanger  during  freeze-out  gives 


T,  T,  - 

0  ‘t 


c  t-  y.c  )(T,  -  T.,')  +  H, 
pa  ^  1  pc  ^  I _ _  1 


[x,  .  -  T,’)  .  cjT|  -  X92) 


—  c  +  c  +  y,  c 
po  pa  I  pc 
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AIR  IN 


Figure  20.  Ficjw  Chart  for  Systism  VI 
(Water  Freeze-Out  Plus  Carbon  Dioxide  Adsorption 
With  Water  Recovery  and  With  Aux-  Cooling  by 
use  of  an  Expander) 
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where  Tg*  =  360®R  (Temperature  required  for  complete  water  freeze-out) 
t  Pa 

H,  =  H,  — (Water  content  of  the  al r  as  It  leaves  the  supplementary 

1  1  Pb  ' 

cooler)  and  w  /w  =  2/w 
o  a  a 


The  e;<pander  outlet  temperature  (T^)  may  be  calculated  by  rewriting 
Equation  111-64  to  give 


^2  = 


Txl  —  c  +  c  +  y,  c 
3  y  po  pa  1  pc 


)w 

+  —  (X  - 
o 


c  T„) 
po  9' 


c  +  y,  c 
pa  '  I  pc 
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The  amount  of  auxiliary  cooling  may  be  calculated  froni 

Q  =  w  (c  +  y.c  )(T„'  -  T,)  =  w  c  (T,'  -  T,) 
aux  a'  pa  '1  pc  '  2  2  a  p^  2  2 
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The  corresponding  expander  pressure  ratio  may  be  computed  by  noting  that 
the  auxiliary  cooling  Is  also  equal  to 


Q  =  w  q  ( h»  '  -  h,  ) 
aux  a  'e'  2  2s 
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where  h^ *  -  hg^  Is  the  Isentropic  enthalpy  change  and  Is  the  expander 
efficiency.  Assuming  perfect  gas  behavior 


''2'  -  '’2s  •  V^2'  -  '"2s>  V2’ 


V2 


r  -  1 
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Equations  III'84,  85  and  86  may  be  combined  to  give  the  expander  pressure 
ratio  as 


a. 

P2 
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r  -  I 


Neglecting  the  small  pressure  drop  in  the  heat  exchangers  and  plumb¬ 
ing,  the  corresponding  compressor  work  is 


w  c  T 

WK  -."-P-i 


(If) 


r  -  I 
iv  r 
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where  ti^  Is  the  compressor  efficiency,  and  the  compressor  outlet  temper¬ 
ature  Is 


r  -  1 


The  outlet  temperature  (Tg)  from  the  molecular  sieve  may  be  computed 
from  Equation  III-74,  the  air  outlet  temperature  ( Ty)  may  be  assumed  to 
be  500®R,  the  Inlet  temperature  (T^)  to  the  Ice  freeze-out  heat  exchanger 
during  rehumi d I f I  cat  I  on  may  be  computed  from  Equation  III-76,  (with  Tg 
replaced  by  T„'),  and  the  Inlet  temperature  (T^)  to  the  suppl ementary 
cooling  heat  exchanger  may  be  calculated  from 


\ 


w 

( C  +  C  )  (T,  -  T, 
'  pa  po  '  6  ; 

c  +  y,c  +  H,  c 
pa  1  pc  1  pw 


The  amount  of  supplementary  cooling  Is 
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Q 


sup 


( c 


pa 


y,c 


pc 


H.c  )(T 
1  pw' '  c 


-  T^  +  H,X 


w 
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The  erficiencies  of  expanders  and  compressors  will  be  quite  low 
because  the  air  flow  rates  in  the  freeze-out  system  are  very  small.  In 
a  one  man  system,  the  flow  rates  at  one  half  an  atmosphere  will  be  within 
a  range  of  about  0.05  to  0.|0  lb  per  min.  The  corresponding  volume  flow 
Is  only  1.3  to  2,6  standard  CFM-  This  flow  Is  too  low  for  high  efficiencies, 
and  an  accurate  determination  of  efficiency  cannot  be  made  at  this  time. 
However,  for  preliminary  calculation  purposes,  a  rough  approximation  Is 
adequate,  and  the  compressor  and  expander  efficiencies  should  be  about  30 
per  cent. 


A  summary  of  the  cycle  analysis  calculations  is  given  In  Table  VI. 

At  the  beginning  of  the  analysis  the  compressor  pressure  ratio  Is  not 
known  but  must  be  assumed.  A  trial  and  error  procedure  is  required.  Note 
also  that  it  was  assumed  that  the  compressor  and  expander  pressure  ratios 
are  equal . 
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TABLE  VI 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  SYSTEM  VI 
(WATER  FREEZE-OUT  PLUS  CARBON  DIOXIDE  ADSORPTION  WITH  WATER  RECOVERY 
_ AND  WITH  AUXILIARY  COOLING  BY  USE  OF  AN  EXPANDER)  . _ 


System  Pressure,  psia 

7.35 

14.7 

COp  Partial  Pressure,  P  .,  mm  Hg 

3.8 

7.6 

3.8 

7.6 

H„0  Content,  H  , 
c.  ^ 

1 b  HgO  per  lb  air 

.00842 

.00851 

.00428 

.00431 

COp  Content,  y^, 

Ib  COg  per  lb  a 

r 

.0151 

.0306 

.0077 

.0155 

Air  Flow  Rate,  Ib  per  man  day 

149 

73.5 

292 

145 

Oxygen  Flow/Air  Flow,  lb  O^/lb  air 

.0134 

,0272 

.00685 

.0138 

Oxygen  Flow/Metaboll c  Oxygen  Flow 

1  .0 

1  .0 

1  ,0 

1  .0 

1  uwnipi  AliUUCj 

'fv'attS  06  r  man 

1  “ic\ 

1  t  f 

A  0 

WU 

OA  0 

AWU 

111 

1  1  1 

Auxiliary  Cooling  Obtained,  watts  per  man 

9.3 

3.7 

14.7 

6,2 

Supplementary  Cooling  Required,  watts  per  man 

170 

tl 

253 

1 1  1 

1  Expander  Pressure  Ratio 

2.16 

1  .82 

1  ,82 

1  .65 

Ta 

495 

495 

495 

495 

Tb 

804 

804 

762 

Tc 

860 

783 

777 

743 

495 

495 

495 

495 

^2' 

360 

360 

360 

360 

TEMPERATURE,  ®R 

r. 

338.5 

343 

343 

345.5 

T3 

331 .5 

329.5 

339 

338.5 

T4 

485 

485 

485 

485 

T.. 

504 

523 

495 

504 

^6 

545 

544 

522 

522 

^7 

500 

500 

500 

^8 

426 

426 

426 

426 

T9 

151 

151 

162 

162 

Walet  Freeze- 

Effect  1 veness 

.825 

.('.15 

.865 

.863 

Out  Heat 

Capac I ty  Rate 

Rat  1 0 

1.15 

1  .18 

1  .09 

1.10 

Exchanger 

No.  of  Heat  Transfer  Units 

8.07 

8.84 

9.58 

9.70 

Rehcater 

Effect  I veness 

.127 

.075 

.087 

.074 

(Z-J.O) 

No.  of  Heat  Transfer  Units 

0.146 

0.081 

0.095 

0.080 

SuppI ementary 

Effect! veness 

r\  T. 

*  ^  9  sj 

r\  /  T 
.  IRU  / 

r 

f  r\ 

•  7U4 

Coo  1 e  r  ( Z^o) 

No.  of  Heat  Transfer  Units 

3.60 

3.45 

3.40 

3.30 

NOTES: 

(1)  The  carbon  dioxide  removal  efficiency  was  assumed  to  be  100  per  cent. 

(2)  The  compressor  and  expander  efficiencies  were  assumed  to  be  .50  per  cent. 
(31  See  Figure  19  for  a  schematic  diagram  and  Figure  20  for  a  flow  chart  of 

Sy:>tem  VI. 


b .  System  VII .  Auxiliary  Cooling  by  use  of  Vapor  Cycle  Mechanical 
Ref ri qerat i on 

This  type  of  auxiliary  cooling  may  be  accomplished  by  using 
a  Freon-12  vapor  cycle  type  of  mechanical  refrigeration  at  the 
warm  end  of  the  water  freeze-out  heat  exchanger.  A  schematic  dia¬ 
gram  of  the  system  Is  shown  In  Figure  21,  and  the  corresponding 
flow  chart  Is  shown  In  Figure  22.  The  Freon  evaporator  In  which 
the  auxiliary  cooling  takes  place  Is  made  Integral  with  the  water 
freeze-out  heat  exchanger.  This  arrangement  facilitates  the  re- 
humidification  process  during  the  Ice  clean-up  operation  because 
most  of  the  water  Is  frozen  out  by  the  auxiliary  cooling.  The 
auxiliary  cooling  sub-system  operates  continuously  while  the  freeze- 
out  plus  adsorption  system  is  switched  back  and  forth  as  indicated 
by  the  butterfly  valve  positions.  The  amount  of  liquid  oxygen  which 
Is. required  for  freeze-out  of  the  remaining  water  may  be  made  equal 
to  the  metabolic  rate  of  2.0  lb  per  man  day  except  when  the  carbon 
dioxide  partial  pressure  Is  3.8  mm  Hg  and  the  system  pressure  Is 
14.7  psia.  In  this  case  the  liquid  oxygen  flow  must  be  Increased 
to  3.0  Ib  per  man  day.  A  cycle  analysis  of  tiie  system  may  be  per¬ 
formed  as  follows: 


Assume  the  temperature  out  of  the  auxiliary  cooler  (Tj 

and  calculate  the  oxygen  flow  to  air  flow  ratio.  An  energy  balance 
on  the  ice  freeze-out  heat  exchanger  gives 


w 


-  V  .H|'[X|  .^T,'  -  T,)] 


X  +  C  (J,  -  T„) 
o  po  4  9 
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where  the  moisture  content  is 


wl 


wl 


O.l 


II I -93 


The  temperature  difference  (Tj  '  -  T^)  may  be  taken  as  5°R. 

The  cold  end  outlet  temperature  (Tg)  Is  360®R  as  In  all  other  systems. 

If  Equation  III-92  does  not  give  the  oxygen  flow  rate  , 
assume  a  new  valve  of  Tj  and  repeat  the  calculation  until  agreement 

I s  obtal ned  . 


57 


AIR  IN 


AIR  OUT 


NOTE:  WATER  (ICE)  IS  RETURNED  TO 

AIR  STREAM  AFTER  CO-  REMOVAL 
AT  A  TEMPERATURE  OF 
Tg  *  T  '  =  (492  +T2)/2 


Figure  22.  Flow  Chart  for  System  VII 
(Water  Freeze-Out  Plus  Carbon  Dioxide  Adsorption 
With  Water  Recovery  and  With  Auxiliary  Cooling 
by  use  of  Vapor  Cycle  Mechanical  Refrigeration) 
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Temperatures  T^;  and  may  be  calculated  from  Equations 

III-64,  III-74,  and  III-76  respectively.  The  air  outlet  temperature 
(T^)  may  be  taken  as  500®R.  The  amount  of  auxiliary  cooling  from 

the  refrigeration  system  Is 


Q 


aux 


^  ^1  V^^l 


-  T,')  +  (H 


1 


III 


and  the  heat  Input  may  be  computed  from  Equation  III-80, 

A  summary  of  the  calculations  Is  given  in  Table  VII. 


TABLE  VII 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  SYSTEM  VII 
(WATER  FREEZE-OUT  PLUS  CARBON  DIOXIDE  ADSORPTION  WITH  WATER  RECOVERY  AND  WITH 
AUXILIARY  COOLING  BY  USE  OF  VAPOR  CYCLE  MECHANICAL  REFRIGERATION 


System  Pressure,  psia 

7 

.35 

14.7 

CO2  Partial  Pressure,  P^j,  mm  Hg 

3.8 

7.6 

3.8 

7.6 

HgO  Content, 

,  lb  HgO  per 

I b  ai  r 

.00431 

CO2  Content,  y^ 

,  lb  COg  per 

lb  air 

.0151 

.0306 

.0155 

AI r  Flow  Rate, 

I b  per  man  day 

149 

73.5 

292 

145 

Oxygen  Flow/AIr  Flow,  lb  O./lb  air 

.0134 

.0272 

.0103 

.0138 

Oxygen  FIow/Metabol 1 c  Oxygen 

Flow 

1  .0 

1  .0 

1  .5 

1  .0 

Auxiliary  Cooling,  Watts  per 

man 

39.8 

12.7 

74.0 

26.2 

Heater  Input,  Watts  per  man 

38.1 

9.3 

75.0 

23.8 

T, 

495 

495 

495 

495 

T,' 

443 

467.5 

430 

453 

^2 

360 

j60 

360 

360 

T3 

353 

346 

555 

553 

Temperatures,  °R 

^4 

438 

462.5 

425 

448 

T5 

457 

501 

435 

467 

^6 

545 

544 

522 

522 

^7 

500 

500 

500 

426 

426 

426 

426 

151 

151 

162 

162 

Aux 1  1 1  ary 

Effect  1 veness 

.912 

.846 

.929 

.893 

Cooler  (Z  0) 

No.  of  Heat  Transfer  units 

2.43 

1  .70 

2.64 

2.25 

Water  Freeze- 

Effect  I veness 

.922 

.885 

.934 

.930 

Out  Heat 

Exchanger  (Z  l) 

No.  of  Heat  Transfer  Units 

1 1  .8 

7.70 

14.1 

13.3 

NOTES: 

(1)  The  carhop  dioxide  removal  efficiency  was  assumed  to  be  100  per  cent. 

(2)  The  evaporating  Freon-12  temperature  In  the  auxiliary  cooler  was  assumed 
to  be  equal  to  Tj  '  minus  5®R. 

(3)  See  FIguie  21  for  a  schematic  diagram  and  Figure  22  for  a  flow  chart  of 
System  VII. 
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System  VIII.  Auxiliary  Cooling  by  Use  of  an  Auxiliary  Heat  Sink  -  In  a 
water  freeze-out  and  recovery  plus  carbon  dioxide  adsorption  system  an 
auxiliary  heat  sink  may  be  used  either  at  the  low  temperature  end  or  in 
front  of  the  water  freeze-out  heat  exchanger*  If  the  auxiliary  heat  sink 
Is  located  in  front  of  the  water  freeze-out  heat  exchanger,  the  effects 
are  the  same  as  for  auxiliary  cooling  by  the  vapor  cycle  mechanical 
refrigerator  process  described  in  paragraph  ( b)  above.  If  the  vapors 
from  a  liquid  hydrogen  storage  tank  are  used,  the  amount  of  hydrogen 
required  is: 


W 


h 


Q 

aux 

Ah 


111-95 


where  Q  is  the  auxiliary  cooling  listed  in  Table  VII  and  Ah  is  the 
aux 

hydrogen  enthalpy  change.  If  .the  hydrogen  is  stored  at  a  pressure  of  25 
psia  ( 40°It)  and  is  heated  to  360®R>  the  change  In  enthalpy  (in  the  para 
form)  is  1062  Btu  per  lb.  The  hydrogen  flow  rates  and  auxiliary  cooling 
heat  exchanger  requirements  are  summarized  in  Table  VIII.  All  other  data 
is  the  same  as  in  Table  VII. 
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TABLE  VIII 


SUMMARY  OF  CYCLE  ANALYSIS  FOR  SYSTEM  VIII. 

(WATER  FREEZE-OUT  PLUS  CARBON  DIOXIDE  ADSORPTION 
WITH  WATER  RECOVERY  AND  WITH  AUXILIARY  COOLING 
BY  USE  OF  A  HYDROGEN  VAPOR  AUXILIARY  HEAT  SINK) 


Pressure, 

ps  ia 

7.35 

■Bl 

rn  PriaccMf 

- 

o  P  nvn  M'l 

c  i  ^ 

3. 3 

7.6 

*7  ^ 

/  .U 

Auxi 1 iary  Cool ing. 

Btu  per  man  day 

3260 

1040 

6060 

2145 

Hydrogen  Flow,  - 

^aux  , ,  . 

^ 

3.07 

0.98 

5.70 

2.02 

Auxi 1 iary 

Cool i ng  Heat 
Exchanger 

Capacity  Rate  Ratio 

z  ,  <"'p>h 

(wc  ) 
p  f 

0.285 

0.  184 

0.265 

0.  192 

E  .  0.7 

■^h  495-40 

No.  of  Heat  Transfer 
Units,  NTU^ 

1.37 

1.30 

1.36 

1.32 

NOTES 

1)  Hydrogen  vapor  inlet  temperature  >  40®R,  outlet  i60°R 
Z)  All  other  figures  are  the  same  as  on  Table  VII. 

o)  bee  Figure  21  (with  vapor  cycle  subsystem  replaced  by  the  hydrogen  heat 
sink)  for  a  schematic  diagram  and  Figure  22  for  a  flow  chart  of  the 
sys  ten). 
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SECTION  IV 


SYSTEM  COMPONENT  REQUIREMENTS 


I-  Heat  Exchangers  ■■  All  of  the  contaminant  freeze-out  systems  described  in 

Section  111  require  the  use  of  heat  exchange  equipment.  The  most  important 
types  are  regenerative  freeze-out  and  partially  regenerative  freeze-out  heat 
exchangers.  The  other  types  include  air  heaters  and  various  types  of 
auxiliary  devices  such  as  an  air  to  freon  evaporator  and  an  air  to  cryogenic 
hydrogen  heat  exchanger.  A  description  of  each  type  of  heat  exchanger  and  an 
approximate  method  of  determining  its  weight  and  volume  are  given  below. 

a.  Regenerative  Freeze-Out  Heat  Exchanger  -  A  schematic  sketch  which  depicts 
the  operation  of  this  heat  exchanger  is  shown  on  Figure  23.  Notice  that 
four  flow  channels  are  required  and  that  the  frozen  out  solids  are 
removed  by  sublimation  to  a  vacuum.  The  contaminated  air  enters  the 
freeze-out  channel  where  the  contaminants  are  frozen  out  and  heat  is 
transferred  in  two  directions — one  to  the  regenerative  (air  outlet) 
channel  and  the  other  to  the  sublimation  channel.  A  fourth  channel  is 
empty.  The  purified  air  returns  through  the  regenerative  channel  where 
reheating  to  nearly  inlet  conditions  takes  place.  When  tlie  freeze-out 
channel  is  partly  filled  (and  the  sublimation  channel  is  nearly  free  of 
solids)  the  butterfly  control  valves  are  reversed  so  that  freeze-out 
and  subl  imat/ion  processes  exchange  places.  At  the  same  time  the  empty 
and  regenerative  channels  also  exchange  places.  Although  this  type  of 
regenerative  beat  exchanger  Is  a  four  channel  switching  unit,  it  is 
essentially  a  three  passage  heat  exchanger.  The  fourth  passage  is 
necessary  because  it  permits  continuous  operation  by  switching  channels. 
Three  channels  arc  not  sufficient  for  continuous  operation  unless  two 
heat  exchangers  are  used  in  parallel.  The  overall  heat  transfer  process 
is  rather  complex  because  single  phase  heating  of  a  gas  takes  place  in 
one  channel,  cooling  of  a  gas  which  contains  condensible  impurities 
occurs  in  the  second  channel,  and  sublimation  of  a  solid  takes  place  in 
the  third  channel.  The  heat  exchanger  must  also  be  designed  so  that  the 
sublimation  rate  equals  the  freeze-out  rate.  Inspection  of  Figure  23 
also  reveals  Ltiat  an  extended  type  of  heat  transfer  surface  (such  as 
plate-fin)  must  be  used  in  the  freeze-out  and  sublimation  channels  to 
provide  a  heat  conduction  path  to  the  sublimating  solids.  The  surfaces 
must  also  be  designed  to  hold  the  frozen  out  solids  inside  the  heat 
'/  exchanger.  If  this  is  not  done  the  return  manifolds  will  become  clogged 

and  regeneration  will  not  be  possible.  For  preliminary  design  purposes, 
a  very  compact  offset  plate-fin  type  of  heat  transfer  surface  will  be 
used  in  all  four  channels.  The  core  geometry  of  this  surface,  together 


o  VALVE  OPEN 

^  VALVE  CLOSED 

FREEZE-OUT  OF 
d  CONTAMINANTS 

d  AS  SOLIDS 


SUBLIMATION  OF 
FROZEN-OUT  SOLIDS 
FROM  PREVIOUS  CYCLE 


E  =  EMPTY 
F  =  FREEZE -OUT 
R  =  REGENERATE 
S  -  SUBLIME 
(  )  INDICATED  OPERATION 

WHEN  VALVES  ARE 
REVERSED. 


PURIFIED  CONTAMINATED 


LIQUID 
OXYGEN  IN 


CONTAMINATED 


PURIFIED 
AIR  OUT 


FLOW  ARRANGEMENT 
DURING  FIRST  HALF  OF  CYCLE 


FLOW  ARRANGEMENT 
DURING  SECOND  HALF  OF  CYCLE 


Figure  23.  Schematic  Drawing  of  a  Typical 
Regenerative  Freeze-out  Heat  Exchanger 
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with  its  basic  performance  characteristics,  are  given  in  Figure  24.  This 
surface  is  manufactured  by  AiResearch  and  has  been  tested  at  Stanford 
University  (See  Reference  5,  page  l6) .  The  surface  is  made  of  aluminum 
and  has  20  fins  per  inch,  is  0. i  inch  high,  is  offset  at  1/8  inch  inter¬ 
vals  and  has  0.004  Inch  thick  fins.  The  total  heat  transfer  area  of 
698  ft^  per  cubic  foot  of  volume.  An  approximate  method  of  calculating 
the  size  of  the  regenerative  freeze-out  heat  exchangers  is  given  below. 

The  hydraulic  radius  of  the  plate-fin  flow  passages  Is  defined  by 

the 


IV-I 


friction  pressure  drop  is  given  by  the  basic  flow  friction  equation 


G'  f  L 

<■  ’.r  -  t; 

2g  p  r 

and  the  heat  transfer  characteristics 
.2/3  h  pp2/3 


St  Pr‘ 


G  c. 


are  given  by 

h  a 

a 


IV-2 


IV-3 


The  friction  factor,  f,  and  the  Colburn  modulus,  j,  are  properties  of 
the:  heat  transfer  surface  and  are  functions  of  the  Reynolds  number  (See 
Figure  24) 


Re 


4  I-  G 
|i 


IV-4 


where  G  ~  IV-5 

«  c 

Equations  IV-I,  lV-2,  IV-3,  and  IV-5  may  be  combined  to  give  the  free 
flow  area  of  a  heat  transfer  flow  passage  as 


A 


t’  w  h  A 
g  j  1' 
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Neglecting  the  thermal  resistance  of  the  frozen  out  solids,  and  neg¬ 
lecting  the  heal  absrrrbcd  by  the  sublimating  solids,  the  overall  thermal 
conductance  between  the  freeze-out  and  regenerative  channels  mav  be 

eased  in  che  conventional  manner  for  heat  transfer  between  two  flow 
streams.  That  is 

I  I  I 

-  _ - |.  - - -  rw_ 

UA  ,  h  A,  h  A, 

'o  I  'o  2 
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REYNOLDS  NUMBER,  Re  -  — 

M 


Figure  24.  Basic  Performance  Characteristics  and  Geometry  Data 
Of  Rectangular  Offset  Plate-Fin  Heat  Transfer  Surface  2CiR -0.  !  -  i/B- .  OU4  (Al 
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which  may  be  rearranged  to  give 


%  ^^^1  ^  ^1 
II  hA,  hAi 

1  tiol  ,  ‘ 

T|o^^2  ^^2 
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where  n  hA,  and  ii  hAo  are  the  individual  side  thermal  conductances. 

'o  I  ‘o  2 

The  overall  fin  effectiveness,  i|^  ,  is  nearly  unity  for  this  type  of 
heat  exchanger. 

The  two  flow. streams  have  about  the  same  thermal  conductance; 
therefore,  in  either  the  regenerative  or  the  freeze -out  channel  the 
thermal  conductance  is  about 

hA  -  2  UA  iy-9 


The  number  of  heat  transfer  units  is  defined  by 

NTU  -■  IV- 1 0 

w  c 

p 

where  the  NTU's  for  the  various  systems  which  use  regenerative  heat 
exchangers  arc  as  tabuiated  in  Tables  I,  II,  III  and  V.  Equations  IV-9 
and  IV-IO  may  be  combined  to  give 

hA  -  2  w  Cp  (NTU)  IV- 1  I 


which  may  be  substituted  into  Equation  IV-6  to  give 
free  flow  area  as 
o 


A  w  *  g  j  I 


(NTU) 


WPr’’/^  f  NTU 
W  ’  g  j  (■  AP 


the  flow  passage 
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Equations  IV-I,  IV-3,  and  IV-b  may  be  combined  to  give  the  flow  passage 
length  as 


r  hA 

J  Fp 


IV-13 


which,  upon  substitution  of  Equation  IV-II,  is  also  equal  to 

^  2  r  NTU 

J 


IV-14 


Note  that  all  passages  have  the  same  flow  length  because  tlie  flow 
arrangement  is  counter-flow. 
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The  volume  of  each  flow  passage  may  be  expressed  as 


V 

passage 


IV- 1 5 


where  K  Is  a  core  geometry  constant  that  is. equal  to  the  ratio  of  free 
flow  area  to  frontal  area  for  the  plate-fin  surface.  The  total  volume 
between  plates  of  the  heat  exchanger  may  not  be  calculated  by  recalling 
that  a  total  of  four  flow  passages  are  required  to  accomplish  the 
regenerative  heat  transfer  process.  Also  the  pressure  drop  and  density 
during  the  regenerative  and  freeze-out  processes  are  very  nearly  equal. 
This  information,  together  with  Equations  IV-12  and  IV-14,  may  be  sub¬ 
stituted  into  Equation  IV-15  to  give  the  total  volume  between  plates  as 


IV-16 


where  AP  is  the  friction  pressure  drop  in  each  passage.  The  Colburn 
modulus,  j,  and  the  f/j  ratio  are  functions  of  the  Reynolds  number 
(4rG,''ii)  as  shown  in  Figure  24.  Notice  that  the  f/j  ratio  is  nearly 
constant  at  a  value  of  about  3.9  over  a  range  of  Reynolds  number  from 
about  200  to  4000.  Even  over  a  range  of  Reynolds  numbers  from  !00  to 
10,000  the  f/j  ratio  varies  only  between  3.7  and  5.0.  The  total  volume 
of  the  heat  exchanger  core  depends  upon  the  plate  thickness,  and,  if 
multiple  sandwich  construction  is  used,  the  splitter  plate  thickness. 
The  splitter  plate  is  a  thin  sheet  which  is  placed  between  fins  and  is 
used  for  brazing  purposes.  The  total  core  volume  may  be  expressed  as 


IV-17 


where  I  is  the  plate  thickness,  t_  is  the  splitter  thickness,  b  is  the 
P  ® 

I  in  height,  and  N  is  the  number  of  fin  sandwiches  per  flow  passage.  For 
purposes  of  this  study  a  double  sandwich  construction  will  be  assumed 
(N  2),  the  plate  and  splitter  thicknesses  will  be  assumed  to  be  0.016 
and  0.006  inch  respectively.  The  f  iji  height  is  0.  10  inch  and  the  ratio 
of  free  flow  to  frontal  area  is  K  •  0.795.  The  total  core  volume  is 

1.10x4  LA 

V  I.IO  u'  ^  ^  •  5.54  L  A  IV-la 

.  795  c 

The  correspond in()  weight  of  the  heat  exchanger  core  may  be  expressed  by 

WL  V  IV- 1 9 

core  core 

where  is*  for  the  type  of  aluminum  platc-fin  heat  exchanger  being 

considered,  equal  to  0.025  lb  per  cu  in*  of  core  volume.  The  overall 
heat  exchanger  weight,  which  includes  manifolds  and  support  structure  is 
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difficult  to  estimate  without  going  into  considerable  detail.  However, 
the  overall  heat  exchanger  weight  should  not  be  more  than  50  per  cent 
greater  than  the  core  weight.  The  total  heat  exchanger  weight  is  about 


Wt 


Hx 


P  V 

core 


IV -20 


The  above  analysis  assumes  that  the  rate  of  sublimation  in  the  vacuum 
vented  channel  does  not  control  the  design.  This  assumption  appears  to 
be  plausible,  but  it  has  not  been  checked  either  analytically  or  experi¬ 
mentally.  A  rigorous  theoretical  analysis  of  the  overall  heat  transfer 
process  In  the  three  channels  (the  fourth  channel  is  required  for 
switching  purposes,  but  does  not  enter  into  the  heat  transfer  calcula¬ 
tions)  has  not  been  worked  out.  The  best  approach  appears  to  be  an 
experimental  verification  of  the  above  simplified  analysis. 


A  sample  calculation  for  the  heat  exchanger  size  and  weight  determi¬ 
nation  is  given  below.  Consider  the  conditions  where  the  total  pressure 
in  the  cabin  is  14.7  psia  and  the  carbon  dioxide  partial  pressure  is  7.6 
miTi  Hg.  Referring  to  Table  I  for  the  simple  regenerative  freeze-out 
system  with  water  removal,  the  air  flow  rate,  w  ,  is  l6l  lb  per  man  day 

3 

and  the  heat  exchanger  MTU  is  39.0.  Assume  that  the  allowable  freeze-out 
system  pressure  drop  is  2.5  per  cent  of  the  total  pressure,  that  is 
AP  ■  0.025  X  14.7  ;  0.367  ps i  (10.2  in.  H2O) •  Assume  also  that  20  per 

cent  of  the  allowable  AP  is  charged  to  the  valves  and  plumbing.  The 
remaining  pressure  drop  is  0.30  ps i  which  is  divided  equally  between  the 
freeze-out  and  regenerative  channels.  Nearly  all  of  this  will  be  caused 
by  friction.  Flow  acceleration  or  deceleration  and  end  effects  may  be 
neglected.  The  average  !.<»mperature  in  the  heat  exchanger  is  (see  Table 
I)  T^^  '  ^^1  '■  '  (495  +  245) /2  ■  370®R,  the  average  pressure  is 

14.7  -  0.367/2  ;  14.5  psia,  and  the  average  density  is  (i  P/RT  (14.5  x 
l44)/(55.3  X  370)  •  0.106  lb  per  cu  ft.  the  average  values  for  the 

thermal  properties  of  air  (see  Reference  6)  are  specific  heat  -  0.240 
BLu  per  lb  °R,  viscosity  0.914  x  iO'^  lb  per  ft,  sec.  and  Prandtl 
number  0.738.  A  procedure  for  estimating  the  regenerative  heat 
exchanger  weight  is  as  follows: 


Calculate  the  free  flow  area  per  passage  from  Equation  IV-12.  Some  trial 
and  error  is  required  because  the  f/j  ratio  must  first  be  assumed  and 
l.tien  cliecked  after  the  Reynolds  number  is  evaluated.^ 

Assume  f/J  3.9 


I6l 

24  X  3600 


0.00186  Ib/sec 


,\P 


144 


21.6  Ib/fl^ 
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A  w 

c 


V 


/  /  2/5 

Pr*'*  f  NTU  0.738) 

TTT^~  =  .00186  X  3.9  x-  ,0^  21.6 


39.0 


Re 


0.00242  ft^  (0,348  in®) 
w  .00186- 


A  “  .00242 

c  • 

4  I-  G  _  .00528  X  .770 

^  .914  X  10"^ 


0.770  Ib/sec  ft' 


=  445 


Referring  to  Figure  24;  f  -  .0870  j  -  .0222  anti  f/j  -  3.9,  whicii  is 
equal  to  the  assumed  value  of  3.9.  A  second  approximation  is  not 
necessary. 

The  flow  length,  from  Equation  1\/-14,  is 


2  r  Pr®'^^  NTU  _  2  x  .001295  x  (.738)*^^^  x  39.0 

i  ~  .0222 


L  =  3.72  ft  (44.6  in.) 


The  heat  exchanger  volume,  from  Equation  IV-IS  Is 

V  ■=  5.54  LA^  5.54  x  3.72  x  .00242  --  .0499  ft^  (86.0  in^) 


The  heat  exchanger  weight  from  Equation  I\/-20,  is 

Wt,  -  1.5  ,,  V  --  1.5  x  0.25  X  86.0  -=  3.22  lbs 

Hx  core 

The  shape  of  the  heat  exchanger  may  be  determined  by  noting  that  the 
total  face  drea  is 


V 

L 


86.0 


1.93  in® 


face  L  44.6 
The  length  perpendicular  to  the  fins  is 


4  (Nb  I-  L  +  t  ) 
'  s  p 


the  width  is 


4(2  X  .1  h  .016  I-  .006)  0.888  in. 


face 


1.93 

.888 


2.17  in. 


71 


and  the  flow  length  (see  above  calculations)  Is 

L  =  44.6  in. 

The  overall  heat  exchanger  lengthy  which  Includes  headers  and  manifolds, 
will  be  about  46  inches. 

b.  Partially  Regenerative  (Air  Only)  Freeze-Out  Heat  Exchangers  -  In 
systems  where  water  is  first  frozen-out  as  a  solid  prior  to  carbon 
dioxide  removal,  water  recovery  (water  returned  to  the  effluent  air 
stream)  may  only  be  accomplished  by  heating  the  effluent  air  and  passing 
it  over  the  ice.  This  operation  requires  two  heat  exchangers  in  paral¬ 
lel.  Each  one  is  a  conventional  two  fluid  heat  exchanger.  During 
freeze-out  the  warm  moist  air  is  cooled  by  the  cold  effluent,  oxygen 
enriched  air.  The  moisture  is  deposited,  in  the  unit  air  passages  and 
regeneration  of  the  ice  does  not  take  place.  When  the  heat  exchanger 
becomes  loaded  with  ice  the  control  valves  are  reversed,  and  the  heated, 
dry  effluent  air  Is  directed  through  the  flow  passages  to  vaporize  the 
ice  and  rehumidify  (return  the  water  to  the  air  stream)  the  air.  The 
other  heat  exchanger  which  has  been  previously  purged  of  ice  takes  over 
the  freeze-out  operation* 

The  design  of  this  type  of  heat  exchanger  may  be  done  by  applying 
single  phase  heat  transfer  theory  to  the  counter-flow  arrangement  as  was 
done  in  the  case  for  the  regenerative  heat  exchanger.  Only  two  flow 
channels  are  needed  Instead  of  four.  For  preliminary  sizing  purposes  the 
effect  of  the  ice  on  the  heat  transfer  rates  may  be  neglected. 

c.  Mlscc.1 laneous  Heat  Exchangers  -All  of  these  units  are  conventional 
cross-flow  type  of  heat  exchangers.  Their  weight  and  size  may  he  deter¬ 
mined  by  conventional  methods  such  as  given  in  Reference  7.  The  heat 
transfer  surfaces  are  of  the  compact  type  such  as  described  in  Reference 

5. 


Adsorbers  -  In  this  study,  all  water  adsorption  is  accomplished  with  silica 
gel,  and  all  carbon  dioxide  adsorption  is  done  with  molecular  sieves. 

Although  molecular  sieves  may  be  used  to  adsorb  either  water  or  carbon 
dioxide,  silica  gel  is  used  for  water  adsorption  rather  than  molecular  sieves 
because  of  desorption  temperature  requirements-  Molecular  sieves  have  such  a 
strong  affinity  for  water  that  they  require  a  water  desorption  temperature  of 
about  400  to  600°Fi  where  as  a  silica  gel  bed  may  be  desorbed  of  water  by 
heating  to  only  about  250°F.  High  desorption  temperatures  impose  a  severe 
heating  power  penalty  on  closed  respiratory  systems  for  space  vehicles- 

The  theory  of  adsorption  and  desorption  is  a  very  complex  matter,  and  a 
detailed,  precise  LreaLmenl  is  not  justified  for  a  system  feasibility  sludy- 
Ttterefore,  the  size  and  weight  of  ddsorptloti  beds  has  been  determined  by  using 
approximate  techniques.  The  adsorbate  content  of  an  adsorber  bed  at  satura¬ 
tion  is  B  lb  of  adsorbate  per  lb  of  adsorbent,  where  B  is  0, 1  for  silica  gel 
and  .05  for  molecular  sieves  under  the  conditions  of  this  study.  The 
apparent  bed  density  for  each  adsorber  is  45  lb  per  cu  ft.  This  saturation 
relationship  may  be  expressed  by 
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w  X  0 
d 


IV-21 


^  *■ 


bed 


where  X  =  the  contaminant  concentration 

The  pressure  drop  through  the  beds 
on  log-log  coordinates,  therefore, 

n 


by  weight  in  the  air 

(See  Figure  7)  is  a  straight  line 


IV-22 


The  values  of  C  and  n  are  2.7  x  10“^  and  1.58  respectively  for  1/I6 
inch  pellet  molecular  sieve  beds-  For  6-12  mesh  silica  gel  the  values 
of  C  and  n  are  1.8  x  I0“®  and  1-63  respectively. 

The  data  in  References  3,  4  and  8  indicate  that  the  face  velocity 
(Vf  w  /A  p  )  should  be  less  than  100  ft  per  min,  and  the  contact  time 

1  3  I  3 

(t  =  L/V^)  should  be  equal  to  or  greater  than  0.5  sec,  for  a  silica  gel 

bed  and  1.5  sec  for  a  molecular  sieve  bed.  The  flow  length  may  be 
expressed  in  terms  of  the  contact  time 

L  tv,  ■—  IV-23 

^  "a 

Equations  IV-22  and  IV-23  may  be  combined  to  give  an  expression  for  the 
allowable  mass  velocity.  The  result  is 


The  flow  length  may  now  be  calculated  from  Equation  IV-23,  the  face  area 
is  A^  time,  to  reach  saturation  (which  is  the  cycling 

time)  may  be  computed  from  Equation  IV-21. 

The  adsorber  material  may  be  packed  into  a  canister  which  fits  into 
the  air  stream  duct.  The  total  weight  of  adsorber  material  and  canister 
is  probably  about  1.5  times  the  adsorber  material  weight.  Sample  calcu- 
IvTlions  for  a  silica  gel  bed  and  a  molecular  sieve  bed  are  given  below. 

For  sample  adsorber  bed  calculations  consider  a  cabin  pressure  of 
14. ;  psia  and  a  carbon  dioxide  partial  pressure  of  7.6  nm  Hg.  The  con¬ 
taminant  conccnlrat ion  in  the  air  are  0.00431  lb  water  vapor  per  lb  air 
and  0.0155  lb  carbon  dioxide  per  lb  air.  The  air  flow  rate  for  the  one 
sys  tern  which  uses  silica  gel  (see  Table  V)  is  1 6 1  lb  per  man  day  and 
the  air  flow  rale  for  the  systems  which  use  a  molecular  sieve  (see,  for 
example,  Table  III)  is  l45  lbs  per  man  day.  The  overall  allowable 
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system  pressure  drop  is  2.5  per  cent  of  the  system  pressure,  or  -025  x 
14.7  =  0.378  psi.  The  portion  of  this  which  is  avaiiable  to  the 
adsorbers  during  adsorption  is  about  20  per  cent  or  0.20  x  0.378  =  0.075 
psi.  The  remainder  is  used  by  other  components  and  the  system  plumbing. 
The  average  temperature  in  the  adsorber*beds  is  about  SOO^R,  and  the 
density  correction  factor  is  o  =  36.4  x  14.5/500  =  1.07.  The  corrected 
pressure  drop  is  oAP  -  1.07  x  -075  =  0.0803  psi. 


The  above  cabin  conditions  may  now  be  substituted  into  Equations 
17-21;  IV-23  and  IV-24  to  give  the  size  and  weight  of  the  adsorbers. 


For  the  silica  gel  bed,  the  mass  velocity  is 


/.0794  x  .0803  x  3600 
[  1.8  X  10“=  X  .5 


i 

2.03 


G  -  280  lb  per  hr-ft^ 


The  face  area  is 

w  I  ,  I 

.  a  1 6 1 

'  G  "  24  X  280 


0.024  ft^  -  3.45  in^ 


The  bed  diameter  is 


4  X  3.45 


2.10  in. 


The  bed  flow  length  is 


t  G 

|| 


.5  X  280 
3600  X  .0794 


0.49  ft^ 


5.88  i 


in. 


The  overall  canister  length  is  about  7.0  in- 
The  eye  I ing  time  is 


L  (1,  .  B 

_ bed 

G  X 


. 49  X  45  X  •  I 
280  X  .00431 


1.83  hrs 


The  face  velocity  is 

G  280  .  n  , 

^  r  ■•0794~x  60  ^  P"'' 

'  a 


I  I  0  m  i  n 


74 


The  adsorber  (bed  and  canister)  weight  is  about 

Wt  adsorber  =  1 . 5  x  A,  L  p.  ,  =  I • 5  x  .024  x  •  49  x  45  =  0.  79  !  bs 

r  bed 

For  the  1/16  inch  pellet  size  molecular  sieve  bed^  the  mass  velocity 
is 

•  J _ 

2.58 

=  172  lb  per  hr  ft^ 


(.0794  X  .0803  x  3600 \ 
2.7  X  10-5  x  1.5  / 


The  face  area  Is 

A  145 

24  X  172  ' 

The  bed  diameter  is 


0.0351  ft*  -  5.05  in* 


0  Y 


4  X  5.05 


2.54  in. 


The  bed  flow  length  is 
1.5  X  172 


0.904  ft  ^  10.8  in. 


3600  X  .0794 
The  overall  canister  length  is  about  i2.0  in- 
The  cycl ing  time  is 


. 904  X  45  X  .05 


0.763  lirs  46  min 


'  172  X  .0155 

The  adsorber  (bed  and  canister)  weight  is  about 

Wt  ,  ,  1.5  X  .0351  X  .904  x  45  2. 1 4  lbs 

adsorber 
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SECTION  V 


SYSTEM  COMPARISONS 


Weight  and  Size  -  A  total  of  eight  systems  have  been  analyzed  in  a  preliminary 
manner  for  the  purpose  of  determining  approximate  weights  and  sizes.  The  heat 
exchangers  and  adsorbers  were  sized  by  the  methods  given  in  Section  IV.  The 
weight  of  each  butterfly  valve  and  its  actuator  was  taken  as  0.25  lb,  and  the 
corresponding  volume  was  taken  as  5  cu  in.  each.  The  weights  and  sizes  of 
auxiliary  equipment,  such  as  compressors,  expanders  and  refrigeration  equip¬ 
ment  was  estimated  by  extrapolating  data  from  larger  size  equipment* 

A  summary  of  the  weights  and  sizes,  together  with  power  penalties,  water 
losses  and  liquid  oxygen  requirements,  for  each  system  is  given  in  Table  IX. 
Each  system  was  analyzed  at  carbon  dioxide  partial  pressures  of  3.8  and  7.6 
mm  Hg  and  cabin  pressures  of  O.b  and  i.O  atm.  These  pressures  were  chosen 
because  they  probably  represent  the  maximum  and  minimum  conditions  for  long 
time  exposure  in  closed  respiratory  systems.  Ail  systems  remove  the  same 
amount  of  carbon  dioxide  from  the  air,  namely  2.25  lb  per  man  day.  All  sys¬ 
tems,  where  carbon  dioxide  is  frozen  out,  have  a  removal  efficiency  of  90 
per  cent.  The  adsorption  systems  have  a  removal  efficiency  of  lOO  per  cent. 

The  most  probable  operating  conditions  for  a  contaminant  freeze-out 
system,  in  a  closed  cycle  respiratory  system,  are  a  cabin  pressure  of  0.5  atm 
and  a  carbon  dioxide  partial  pressure  of  3.8  mm  Hg.  The  weight  and  volume 
data  for  this  condition  are  sutmnarized  in  Table  X.  Notice  that  System  I 
(Simple  Freeze-out  with  Water  Removal)  has  the  lowest  total  equivalent  weight, 
where  the  equivalent  weight  is  defined  as  the  sum  of  the  fixed  weight,  power 
penalty  and  heat  rejection  penalty. 

The  effect  of  the  variable  weights  (water  loss  and  excess  oxygen)  is 
shown  in  Figure  25,  which  is  a  plot  of  total  weight  chargeable  to  the  system 
vs  operating  time.  Notice  that  Systems  I  and  II  are  the  lightest  weight 
systems  up  to  an  operating  time  of  about  25  days.  At  this  time.  System  1, 

III,  V  and  VII  are  all  about  equal.  Systems  11,  IV,  VI  and  VIII  are  not 
compe  t i I i ve . 

System  II  has  the  lowest  volume,  but  its  weight  is  excessive  because  of 
the  liigh  liquid  oxygen  requirements.  System  I  uppears  to  be  the  best  system 
froai  a  combined  volume  and  weight  point  of  view. 
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TABLE  IX 

WEIGHT  AND  SIZE  COMPARISON  OF  CONTAMINANT  FREEZE-OUT  SYSTEMS  ON  A  ONE  MAN  BASIS 


7  7 


NOTES:  I .  INLET  DEW.  POINT  =  35°F  5.  SYSTEM  PRESSURE  DROP  =  2.54  OF  TOTAL  PRESSURE 

2.  COz  REMOVAL  RATE  =  2.25  L3  PER  MAN  DAY  6.  HEAT  SINK  “EMPERATURES  =  i51®R  AT  0,5  ATM 

3.  LIQUID  O2  STORAGE  PRESSURE  =  75  P5IA  AND  162°R  AT  1.0  ATM 

A.  LIQUID  O2  IS  THROTTLED  TO  SYSTEM  PRESSURE  7.  METABOLIC  Oj  RATE  -  2.0  LB  PER  MAN  DAY 


TABLE  IX  (continued: 

WEIGHT  AND  SIZE  COMPARISON  OF  CONTAMINANT  FREEZE-OUT  SYSTEMS  ON  A  ONE  MAN  BASIS 
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NOTES:  1.  INLET  DPW. POINT  =  35®F  5.  SYSTEM  PRESSURE  DROP  =  2.5^  OF  TOTAL  PRESSURE 

2.  COj  REMOVAL  RATE  =  2.25  LB  PER  MAN  DAY  6.  HEAT  SINK  TEMPERATURES  =  151 "R  AT  0.5  ATM 

3.  LldUID  Oj  STORAGE  PRESSURE  =  75  PSIA  AND  I62“r  AT  1.0  ATM 

4.  LiaUID  O2  IS  THROTTLED  TO  SYSTEM  PRESSURE  7.  METABOLIC  Oj  RATE  =  2.0  LB  PER  MAN  DAY 


TABLE  IX  ^CONTINUED} 

WEIGHT  AND  SIZE  COMPARISON  OF  CONTAMINANT  FREEZE-OUT  SYSTEMS  ON  A  ONE  MAN  BASIS 
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NOT^:  I.  INLET  DEW  POINT  =  35  F  5.  SYSTEM  PRESSURE  DROP  =  2.5$  OF  TOTAL  PRESSURE 

2.  COz  REMOVAL  RATE  =  2.25  LB  PER  MAN  DAY  6.  HEAT  SINK  TEMPERATURES  =  151 “R  AT  0.5  ATM 

3.  liquid  0,  STORAGE  PRESSURE  =  75  PSIA  AND  162‘'r  AT  1.0  ATM 

LIQUID  Oj  IS  THROTTLED  TO  SYSTEM  PRESSURE  7.  METABOLIC  Oj  RATE  =  2.0  LB  PER  MAN  DAY 


The  above  data  was  obtained  from  Table  IX- 

Total  equivalent  weight  equals  the  sun  of  the  fixed  weighty  the  power  penalty  and  the  heat 
rejection  penal ty- 

Systeir,  VIII  has  zero  excess  oxygen  but  require  3.07  lbs  of  hydrogen  vapor  per  day. 


TOTAL  SYSTEM  WEIGHT,  LBS 


OPERATING  TIME,  DAYS 

Figure  25.  Total  Sys tern  We  ight  vs  Operating  Time  for  Possible  Conlarninanl 
Freeze-Out  Systems  Operating  at  0.5  Atm  Pressure  and  3.8  nun  Hg  Carbon 
Dioxide  Partial  Pressure 


82 


2. 


tlualitatlve  Comparisons  -  The  eight  possible  freeze-out  systems  may  also  be 
compared  in  a  qualitative  manner  in  regard  to  foasibilltyj  reliability,  com¬ 
plexity,  ease  of  operation,  development  time,  cost,  and  safety.  Several  of 
the  quantitative  items,  such  as  total  system  weight,  volume,  and  power  require¬ 
ments  may  also  be  considered  In  a  qualitative  manner-  One  method  of  making  a 
qualitative  comparison,  which  is  somewhat  quantitative  in  nature,  consists  of 
assigning  a  value  and  a  grade  to  each  of  the  items  of  comparison-  The  highest 
total  grade  then  gives  an  Indication  of  which  freeze-out  system  is  best-  This 
was  done  for  the  eight  possible  freeze-out  systems,  and  the  results  arc  sum¬ 
marized  in  Table  XI- 
• 

Inspection  of  Table  XI  reveals  that,  from  a  qualitative  point  of  view, 
System  I  (Simple  hreeze-out  with  Water  Removal)  is  tiie  best  system  because  it 
has  the  highest  total  grade  for  the  ten  items  of  comparison.  The  assignment 
of  different  values  to  each  of  the  items  would  still  rate  System  I  as  best- 

3-  Selection  of  an  Optimum  System  -  The  optimum  contaminant  fraeze-out  system 
appears  to  be  the  simple  freeze-out  system  with  water  removal  (System  I). 

This  system  Is  a  regenerative  switching  heat  exchanger  In  which  both  carbon 
dioxide  and  water  are  dumped  overboard  as  vapors-  The  amount  of  water  which 
is  dumped  overboard  Is  a  slight  disadvantage,  but  this  penalty  can  only  bo 
assessed  when  a  complete  water  balance  for  the  closed  respiratory  system  Is 
worked  out.  The  regenerative  switching  heat  exchanger  Is  a  static  device,  and 
it  Is  the  simplest  of  all  systems  considered.  It  also  requires  the  least 
number  of  valves.  In  view  of  the  above  weight  and  size  comparisons  and  the 
qualitative  compailsons,  the  simple  freeze-out  system  with  water  removal  lias 
been  selected  as  the  optimum  contaminant  f reeze-out  system. 
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QUALITATIVE  COMPARISON  OF  POSSIBLE 
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in  complexity  means  the  system  is  the 


SECTION  VI 


DEVELOPMENT  OF  AN  OPTIMUM  SYSTEM 


Preliminary  Design  of  a  Model  System  -  The  system  which  is  considered  to  be 
the  most  worthy  of  development  is  the  Simple  Freeze-Out  System  with  Water 
Removal  (System  I).  A  model  version  of  the  system  may  be  considered  to  be  a 
one  man  system  because  the  size  of  the  apparatus  is  suitable  for  small  scale 
laboratory  testing. 

During  the  course  of  the  study  most  of  the  preliminary  design  of  a  model 
system  has  been  completed.  For  the  conditions  which  are  easiest  to  obtain  in 
the  laboratory  (i.O  atm  pressure  and  7.6  mm  COg  partial  pressure)  the  core  of 

the  regenerative  freeze-out  switching  heat  exchanger  for  a  one  man  system  is 
about  2.2  inches  high,  0.9  inch  wide  and  45  inches  long.  A  sketch  of  this 
unit  is  shown  in  Figure  26,  and  a  schematic  drawing  which  depicts  the  opera¬ 
tion  is  given  in  Figure  23.  The  heat  exchanger  is  controlled  by  eight 
butterfly  valves,  four  of  which  must  be  capable  of  sealing  against  a  vacuum. 
These  valves  need  not  be  the  minimum  weight  type  for  testing  of  the  switching 
heat  exchanger. 

Note  that  the  shape  of  the  flow  passage  introduces  a  difficult  mani¬ 
folding  problem.  The  transition  from  the  air  ducts  to  the  core  of  the  heat 
exchanger  must  guide  the  air  stream  from  a  round  pipe  to  a  thin,  pencil  shaped 
f low  passage. 

Additional  Effort  -  The  amount  and  type  of  additional  effort  required  to  prove 
feasibility  and  to  reduce  the  design  approach  to  hardware  practice  consists  of 
preliminary  heat  transfer  testing,  heat  exchanger  construction,  testing  of  the 
heat  exchanger  with  standard  valves,  light  weight  valve  development,  testing 
of  the  heat  exchanger  with  light  weight  valves,  analysis  of  the  test  work, 
and  report  writing.  A  schematic  diagram  of  a  test  setup  is  shown  in  Figure 
2/.  All  of  this  apparatus,  except  the  hear  exchanger  and  light  weight  valves, 
.  Is  presently  available  for  testing  In  the  AlRasearch  cryogenic  test  labora¬ 
tory.  A  Summary  of  the  additional  effort,  together  with  elapsed  time  esti¬ 
mates  Is  given  in  Table  XII.  The  total  estimated  development  time  is  about 
8  months. 

Preliminary  heal  transfer  testing  is  necessary  to  check  out  the  overall 
heat  transfer  process  In  vjhich  cooling  of  a  gas  with  freeze-out  occurs  In  one 
passage,  heating  of  a  gas  occurs  in  one  adjacent  passage,  and  sublimation  of 
frozen-oul  solids  occurs  In  the  other  adjacent  passage.  This  testing  will 
also  check  the  ability  of  the  heat  transfer  surfaces  to  hold  up  the  frozen 
out  solids.  If  the  ice  and  solid  CO^  do  not  adhere  to  the  surfaces,  a  new 

surface  will  be  required. 

Light,  weight  valve  development  is  necessary  because  present  valves  are 
too  large  and  heavy.  Also,  it  would  be  desirable  to  combine  all  valves  Into  a 
single  unit  which  Is  operated  by  one  actuator. 
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TOP  VIEW 


Figure  26.  Sketch  of  a  Model  Regenerative 
Freeze-Out  Switching  Heat  Exchanger 
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APPENDIX 


CKYOGENIC  STORAGE  VESSEL.  CHARACTERISTICS 


INTRODUCTION 

A  number  of  types  of  vessels  are  being  developed  for  storage  of  fluids  in  a 
weightless  environment  for  use  in  space  vehicle  environmental  systems.  Several 
such  vessels  are  described  in  Reference  9.  In  this  sectioni  storage  vessel 
characteristics  will  be  reviewed  briefly  as  they  affect  application  to  contaminant 
freeze-out  systems. 

Weightless  environment  fluid  containers  may  be  classified  by  the  mode  of  fluid 
storage  and  the  method  of  container  pressurization.  Fluid  storage  may  be  either  as 
a  single-phase  fluid  or  as  a  two-phase  mixture  of  liquid  and  vapor.  Storage  vessel 
pressurization  may  be  accomplished  by  the  use  of  an  externally  supplied  gas  to  pro¬ 
vide  positive  expulsion^  or  by  the  use  of  thermal  energy  added  to  the  storage 
space.  The  thermal  energy  required  for  pressurization  may  be  supplied  by  either 
electric  power,  container  wall  heat  leaks,  or  by  a  heat  exchanger  mounted  inter¬ 
nally  in  the  storage  vessel. 

Single-phase  fluid  storage  is  possible  at  both  suberitical  and  supercritical 
pressures.  AL  suberitical  pressures,  this  is  accomplished  by  the  use  of  a  positive 
expulsion  type  system  while  supercritical  storage  uses  thermal  pressurization  for 
storage  and  expulsion. 

Cryogenic  containers  using  two-pliase  storage  present  design  difficulties  for 
weightless  environment  applications.  In  this  class  of  vessels,  the  fluid  is  stored 
at  suberitical  pressure  and  exists  as  a  mixture  of  liquid  and  vapor.  For  weight¬ 
less  environments,  special  phase  separation  provisions  are  therefore  required  to 
permit  pressure  stabilization  during  delivery  and  to  prevent  the  accidental  loss  of 
liquid  when  venting  is  necessary.  A  number  of  phase  separation  techniques  arc 
being  considered;  these  include  tiie  use  of  capillaries  or  semipermeable  membranes 
or  even  rotation  of  the  storage  vessel  to  create  an  artificial  gravity  field.  Mag¬ 
netic  fields  may  be  used  for  llquid-vapor  separation  in  cryogenic  oxygen  vessels, 
in  view  of  the  paramagnetic  properties  of  oxygen.  The  heal  sink  capability  of  a 
vapor  delivery  system  is  equivalent  to  the  attainable  degree  of  superheat  of  the 
vapor;  the  heat  sink  capability  of  a  liquid  delivery  system  is  equivalent  to  the 
latetiL  heat  of  vaporization  plus  the  superheat.’ 

Several  types  of  cryogenic  storage  systems,  wiiich  may  be  used  in  a  weightless 
envi romnen L,  are  described  below.  Here,  for  application  to  contaminant  freeze-out 
systems,  particular  emphasis  is  placed  upon  the  fact  that  the  coolant  supply 
temperature  must  be  lower  than  that  required  for  carbon  dioxide  freeze-out;  this 
value  is  of  the  order  of  240°R. 
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Liquid  Storage  with  Positive  Expulsion 


A  system  using  this  storage  technique  is  the  simplest  to  visualise  and  is 
shown  schematically  on  Figure  28,  which  also  illustrates  system  thermodynamic 
operation  on  a  pressure-enthalpy  diagram-  Here,  helium  from  an  external  high 
pressure  source  is  used  to  pressurize  a  flexible  bladder  within  tlie  fluid  storage 
vessel  and  thereby  to  expel  oxygen  from  the  tank.  Low  fluid  storage  pressures  are 
used,  so  that  with  proper  design,  the  fluid  masses  are  stored  and  expelled  as  a 
I i qu id • 

For  the  considered  application,  it  Is  assumed  that  the  fluid  storage  space  is 
filled  completely  on  the  ground  with  saturated  liquid  at  atmospheric  pressure  and 
that  the  storage  pressure  is  to  be  regulated  at  some  higher  operating  pressure. 

The  fluid  fill  state  is  shown  as  Point  1  on  Figure  28.  With  the  tank  completely 
filled,  a  slight  heal;  leak  will  result  in  compression  of  the  liquid  at  constant 
density  until  tank  regulated  pressure  is  reached  (Point  2).  This  initial  com¬ 
pression  takes  place  with  a  very  small  fluid  temperature  rise  so  that  the  liquid 
bficomf^s  subs  tan  t  i a  !  1  y  subcooledi 

Heat  leak  into  the  storage  tank  during  Standby  results  in  venting  of  liquid  at 
constant  pressure,  with  standby  and  operation  occurring  between  Points  2  and  3  on 
Figure  28.  This  process  is  accompan ied  by  a  rise  in  the  temperature  of  the  fluid 
mass  in  the  tank,  with  the  result  that  the  degree  of  subcooling  attainable  during 
use  is  diminished.  For  stable  operation,  it  is  desirable  that  the  storage  fluid 
be  kept  as  a  single-phase  liquid  during  use.  This  requires  that  t.he  Lank  liquid 
temperature  be  kept  below  the  saturation  tempera  Lure  at  the  operating  pressure. 

This  factor  often  determines  the  design  operating  pressure. 

Oxygen  demand  in  the  space  vehicle  will  be  at  a  pressure  of  approximately  one 
atmosphere.  Therefore,  the  oxygen  supply  is  throttled  to  one  atmosphere  delivery 
pressure  between  Points  3  and  4  in  Figure  28.  The  oxygen  heat  sink  available  will 
have  a  lower  temperature  limit  of  T^  at  Point  4  and  an  upper  temperature  limit  T^ 

assuming  a  constant  pressure  delivery.  The  available  heat  sink,  Ah,  is  plotted  In 
Figure  29  as  a  function  of  the  upper  temperature  limit  T^  for'  oxygen  storage 

pressures  of  75  and  150  psia  respectively.  Also  shown  on  Figure  29  for  comparison 
are  the  lieal  sink  capabilities  of  systems  delivering  saturated  liquid  and  saturated 
vapor  at  a  pressure  of  one  atmosphere. 
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Two-Phase  Storage  With  Thermal  Pressurization 


There  are  a  number  of  possible  vessel  designs  utilizing  two-phase  storage. 

In  this  section,  emphasis  will  be  placed  upon  a  particular  type  of  vessel  where  the 
fluid  Is  stored  as  a  llquid-vapor  mixture  but  designed  for  automatic  vapor  delivery. 
Figure  30  Illustrates  the  fluid  withdrawal  process  used  on  a  schematic  pressure- 
enthalpy  diagram  and  shows  one  method  of  tank  heat  addition  for  prcsssurlzat  Ion. 
Pre-use  pressurization  is  similar  to  the  processes  described  previously.  Here, 
tank  operation  Is  of  most  interest.  It  Is  most  significant  that  the  storage  space 
fluid  Is  a  mixture  of  liquid  and  vapor.  In  the  absence  of  gravity,  the  mass 
sampled  at  any  point  In  the  tank  may  consist  of  liquid  and  vapor  In  any  proportion. 
Sampling  states  may  thus  range  from  Point  2  to  Point  2'  on  Figure  30.  V.'! thdrawa! 

system  operation  is  described  below. 

The  fluid  to  be  delivered  is  first  passed  through  a  valve  and  ihrotlled  l:o  a 
pressure  lower  than  tank  pressure.  Referring  to  Figure  50  states  before  throttling 
may  range  from  Point  2  to  2*,  and  after  throtti Ing  from  Points  3  to  3*.  The 
temperature  of  the  fluid  afLer  throttling  is  lower  than  storage  temperature,  how¬ 
ever.  Thus,  passage  of  the  vent  fluid  through  a  heat  exchanger  within  the  storage 
space  permits  a  transfer  of  energy  to  take  place  along  paths  3  to  4  of  3*  to  4 
(essentially  constant  pressure).  The  fluid  can  thus  be  evaporated  and  superheated 
slightly  before  being  discharged  at  a  temperature  close  to  that  of  the  storage 
fluid  but  at  a  lower  pressure. 

Tank  heat  addition  for  pressurization  Is  provided  by  heat  leak  through  the 
Insulating  walls  of  the  tank  and  hy  using  the  heated  delivery  fluid  as  an  energy 
source  as  shown  In  the  schematic  on  Figure  30.  However,  for  most  environmental 
system  designs,  the  oxygen  requirement  Is  such  that  the  tank  pressurlzat I  on  Is 
accomplished  by  the  vessel  heat  leak  only.  Therefore,  the  heat  sink  capability  of 
this  type  of  system  will.  In  most  cases,  only  Include  the  enthalpy  Increase  of  the 
delivery  fluid  as  a  vapor  from  Point  4  to  some  cabin  temperature  T^.  The  available 

heat  sink  for  this  system  Ah  Is  plotted  In  Figure  31  as  a  function  of  the  upper 
oxygen  temperature  limit  assuming  h^  =  h^^  at  one  atmosphere.  Notice  that  the 

heat  sink  capability  is  much  smaller  than  that  of  the  liquid  storage  positive 
expulsion  system.  Therefore,  two  phase  storage  of  liquid  oxygen  Is  not  suitable 
for  contaminant  freeze-out  systems  unless  an  auxiliary  heat  sink,  such  as  cryogenic 
hydrogen,  Is  available  at  the  cold  end  of  CO^  frecze-out  section- 
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ENTHALPy 


FIGUKE  30,  TWO -PHASE  STORAGE  WITH  VAPOR  DELIVERY,  THERMALLY 

PRESSURIZED 
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FREEZEOUT  SYSTEM 


Figure  31.  Heat  Sink  Capability  -  Two-Phase  Storage  With  Vapor  Deliver 


Supercr i t  leal  Storage  with  Thermal  Pressurization 


Figure  32  shows  thermodynamic  process  operation  on  a  schematic  pressure- 
enthalpy  diagram  and  illustrates  one  method  of  tank  heat  addition  for  supercritical 
oxygen  storage.  Tank  fill  conditions  are  indicated  by  Point  !•  Heating  before  use 
results  in  pressurization  at  constant  average  density.  In  practice,  the  tank  is 
heated  prior  to  use  until  the  storage  pressure  is  higher  than  criticai  (Point  2). 
Tank  temperature  rises  slightly  during  this  process,  but  is  below  critical  at 
Point  2. 


Fluid  delivery  can  start  once  supercritical  pressure  is  reached,  with  pressure 
being  maintained  by  heat  addition  to  the  storage  space.  Constant  pressure  opera¬ 
tion  in  the  storage  vessel  with  the  inherent  temperature  increase  in  the  fluid  is 
indicated  by  the  path  2  to  2*  on  Figure  32.  The  delivery  fluid  Is  throttled  through 
a  valve  to  a  lower  delivery  pressure  at  Point  3.  Referring  to  Figure  32,  state 
points  before  throttling  may  range  from  2  to  2*,  and  after  throttling  from  3  to  3'. 
The  point  3*  is  the  maximum  possible  oxygen  delivery  temperature  for  the  contami¬ 
nant  freeze-out  system  (about  240®R)  when  the  two  systems  are  combined. 

Pressurization  of  the  storage  vessel  is  accomplished  by  heat  addition  to  the 
fluid.  A  portion  of  the  heat  required  for  pressurization  is  supplied  by  heat  leak 
through  the  tank  walls.  The  remainder  must  be  supplied  by  another  source  such  as 
the  waste  heat  from  the  space  vehicle. 

Figure  33  presents  a  graph  of  the  fluid  storage  temperature  as  a  function  of 
the  weight  per  cent  of  fluid  remaining  in  the  tank  for  operating  pressures  of  875 
and  1500  psia  respectively.  Using  a  pressure-enthalpy  chart  for  oxygen.  It  is 
found  that  the  maximum  fluid  storage  temperature  is  320®R  for  an  875  psIa  operating 
pressure  for  the  case  where  the  delivery  temperature  is  240®f;  after  throttling  to 
14.7  psia.  Referring  back  to  Figure  32,  one  finds  that  only  85  per  cent  of  the 
tank  fluid  capacity  can  be  used  with  a  containment  freeze-out  system. 

The  heat  sink  capability  of  the  supercritical  system  varies  with  the  weight 
per  cent  of  fluid  remaining  in, the  tank.  Figure  34  presents  the  heat  Input 
requirements  for  thermal  pressurization  as  a  function  of  the  amount  of  fluid 
remaining  in  the  tank  and  Figure  35  presents  the  heat  sink  capability  of  the 
delivery  fluid  for  tho  100  per  cent  and  15  per  cent  tank  operating  conditions. 
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FLUID  TEMPERATURE  IN  STORAGE  TANK 


Figure  33.  Fluid  Temperature  for  Constant  Pressure  Delivery  - 
Supercritical  Oxygen  Storage 
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SPECiriC  HEAT  INPLT,  BTU  PER  LB  WITHDRAWN 


CONCLUSIONS 


A  liquid  c'lygen  heat  sink  with  positive  expulsion  storage  Is  feasible  for  COg 
freeze-out  from  an  overall  thermodynamic  point  of  view  provided  the  frozen-out 
solids  are  regenerated  and  dumped  overboard  as  vapors*  Positive  expulsion  storage 
may  be  easily  Integrated  with  the  freeze-out  system. 

Two  phase  storage  of  liquid  oxygen  Is  not  suitable  for  CO2  freeze-out  unless 

the  frozen-out  solids  are  regenerated,  and  an  auxiliary  heat  sink,  such  as 
cryogenic  hydrogen.  Is  available  at  tht  cold  end  of  the  CO2  freeze-out  heat 

exchanger*  The  reason  for  this  Is  the  heat  sink  capability  of  two  phase  storage 
Is  only  about  one-half  of  the  heat  sink  capability  of  positive  expulsion  storage* 

Supercritical  storage  of  oxygen  Is  not  suitable  for  CO2  freeze-out  because  the 
heat  sink  capability  decreases  as  fluid  is  drown  out  of  the  tank.  The  heat  sink 
temperature  (which  Is  the  temperature  of  the  fluid  after  throttling  from  tank 
pressure  to  freeze-out  system  pressure)  Is  constant  for  about  70  per  cent  of  the 
storage  vessel  contents.  Then,  when  liquid  Is  no  longer  produced  by  the 
throttling  process,  the  heat  sink  temperature  rises  as  more  fluid  is  withdrawn 
from  the  tank.  The  heat  sink  temperature  exceeds  the  minimum  temperature 
required  for  CO2  freeze-out  when  the  tank  Is  about  15  per  cent  full* 
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